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Abstract 

 

Vibration isolation of sensitive and sophisticated parts (e.g., visual-inspection, 

micro-sensing, and mechatronic apparatuses, etc.) from highly accelerated moving 

parts (i.e., X–Y motion stages) is an urgently needed technology for the advance of 

automation and precision equipment. Specifically, the rapid decrease in feature sizes 

and increase in complexity and volume production of microelectronics components 

and products have called for a technological breakthrough in increasing both the 

speed and accuracy of microelectronics manufacturing equipment. While the modern 

motion technology can enable the moving parts of equipment to attain a high 

acceleration so as to reach the target speed, an increase in acceleration leads to an 

increase in dynamic forces. These forces act as a source of disturbance to transmit 

mechanical vibrations to other functional parts of the equipment due to structural 

coupling. The higher the acceleration of the motion, the more serious the vibrations 

that are generated, and the less accuracy the motion that can be obtained. Traditional 

vibration isolation devices based on high-loss viscoelastic materials are essentially 

passive in nature, while those based on pneumatic technology suffer from slow 

response, large reposition error, and bulkiness. Therefore, a compromise between fast 

response, high repositionability, and small size has urged to increase the intelligence, 

adaptability, and compactness of isolation devices so that highly integrated devices 

incorporating active sensoriactuation function with passive isolation function are 

deemed necessary.  

In this study, a novel class of active-passive vibration isolation devices, 

called PiTAPaT (Piezoelectric Trapodizal Active Passive Table), was developed, 
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based on the piezoelectric materials and compliant structure technologies, to provide a 

reliable tabletop for isolating sensitive and sophisticated parts from their underneath 

disturbance sources. The active-passive isolation performance of PiTAPaT was 

demonstrated in a state-of-the-art microelectronics wire bonder.  

The basic form of PiTAPaT consisted of a metallic compliant frame and two 

lead zirconate titanate (PZT) piezoceramic patches. To acquire significant passive 

isolation performance, the compliant frame was bent to form an open trapezoid having 

a central saddle-like unit and two slanting legs. The saddle-like unit was used to 

increase the compliance of the frame so as to improve the flexibility of PiTAPaT in 

the vertical direction even though the two slanting legs were rigidly mounted on the 

ground. To facilitate active sensoriactuation function, each slanting leg was attached 

with a PZT patch. In operation, when an electric field was applied across the thickness 

of the PZT patches, the induced longitudinal deformations of the PZT patches resulted 

in a bending motion of the slanting legs. This drove the central saddle-like unit to 

provide a linear vertical motion. 

A physical model was derived to predict the free displacement, stiffness, and 

blocked force of the basic PiTAPaT with different combinations of geometric 

parameters and material properties. Three characteristic types of basic PiTAPaT were 

obtained for given material properties, including: TYPE (A) the one with large 

displacement; TYPE (B) the one with large stiffness and force; and TYPE (C) the one 

with moderate performance. For given geometric parameters, the use of a high-

stiffness alloy and a high piezoelectric d31 coefficient PZT was able to enhance 

PiTAPaT’s performance in general. 
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An ANSYS finite-element model was implemented to further validate the 

physical model, and the computed results were compared, in good agreement, with the 

theoretical predications. Three basic PiTAPaT’s, each representing one of the three 

characteristic types of design, were fabricated and characterized. The measured free 

displacements and stiffnesses of the PiTAPaT’s coincided well with those predicted 

by the physical and finite-element models. Besides, the hysteresis, step response, DC 

voltage stiffening effect, sensibility, vibration isolatability, and other frequency 

responses of the PiTAPaT’s were measured to provide a full design and operation 

guide. 

To demonstrate the modularity of the basic PiTAPaT’s, a hybrid PiTAPaT 

comprising two identical basic PiTAPaT’s arranged in orthogonal directions was 

fabricated and characterized. Without reducing the available displacement output, this 

hybrid PiTAPaT not only doubled the stiffness and force of its basic PiTAPaT but 

also enhanced the horizontal stability. In particular, the four distributed PZT patches, 

when excited independently, were able to provide complex motions involving rolling 

and pitching motions. Finally, the active-passive vibration isolation performance of 

the hybrid PiTAPaT was evaluated in-situ on an ASM AB559A wire bonder. It was 

found that the hybrid PiTAPaT can generally provide a 15-dB isolation with less than 

±3-µm reposition accuracy for the isolated parts in the frequency range of 0–150 Hz. 

A number of publications were produced during the course of this study, elucidating 

the originality and practical applications of the present work. 
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Chapter 1 
 
Introduction 
 

 

 

1.1 Automation and Precision Manufacturing Equipment 
 

The term “automation” comes from the Greek word “automatos”, 

meaning self-acting. Automation was first coined in 1945 by the U.S. industry to 

describe the automatic handling of parts between production equipment, and also 

the automatic processing of the parts within the equipment [1]. It is defined as, after 

the modern advancement in computers and control systems, the process of following 

a predetermined sequence of operations using specialized equipment that performs 

and controls manufacturing process to achieve the following primary goals:  

(1)          Increase productivity,  

(2)          Reduce cycle time,  

(3)          Improve product quality and uniformity, and  

(4)          Minimize human error and labor cost.  

Automation is achieved through the use of a variety of devices (e.g., sensors, 

actuators, etc.) and techniques (e.g., assembly, control, etc.) to observe the 

manufacturing process, to make decisions concerning the changes that need to be 

made in the process, and to control all aspects of it. Any manufacturing equipment, 

which is designed to accomplish these goals and incorporates these features, is 

defined as “automation manufacturing equipment.” 
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Table 1.1 shows a brief development history of automation before 1990’s. 

Although individual manufacturing equipment like lathe and turning machines had 

been developed in the 1800’s, it was not until early 1940’s, when mass-production 

technologies and transfer machines were developed, so could automation start to 

bloom. The major breakthrough in automation started with the invention of 

numerical control in the 1952. When more powerful computers were introduced into 

automation in mid-1970, highly cooperative and high-speed processes 

within/between automation manufacturing equipment were realized. The significant 

enhancement in productivity by using the advanced, high-speed, and reliable 

automation manufacturing equipment has been the first choice in modern 

manufacturing industry. 

 

Table 1.1 Brief history of automation development 

 
Year Development 

1700–1800  Boring machine, turning machine, screw cutting lathe, and drill press. 

1800–1900 Copying lathe, turret lathe, and universal milling machine. 

1900–1920 Automatic bottlemaking machine. 

1920–1940 Transfer machine for mass production. 

1945 First use of the word “automation”. 

1952 First prototype numerical-control machine tool. 

1957 Commercially available numerical-control machine. 

1968 Programmable logic controller. 

Mid-1970 Minicomputer-controlled robot. 

1990’s Intelligent and sensor-based machine. 
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As time goes, the request for increased accuracy in addition to increased 

speed to produce highly compact and multifunctional custom products, such as 

cellular phones and digital cameras, has become an increasing challenge in modern 

automation manufacturing equipment. Different from conventional automatic 

manufacturing for making bicycles, the accuracy required to produce such kinds of 

products can be thousand times tighter (i.e., <10 µm). Therefore, automation and 

precision manufacturing equipment, which can provide speed as well as accuracy, is 

designed to accomplish this challenging job. Equipment of this class consists of 

high-speed and high-precision servo motion units (e.g., motion stages) to provide 

the necessary speed (e.g., >750 mm/s) as well as accuracy (e.g., <6 µm) [2]. 

Precision jobs like microelectronics packaging and lens turning are thus realized 

after this technological advancement. Figure 1.1 shows two different classes of  

 
(a) (b) 

 

Fig. 1.1 (a) Automatic wire bonder and (b) traveling and milling machining 
center are representative automation and precision equipment in 
today’s microelectronics and machinery components manufacturing 
industries, respectively [3, 4]. 

 
 
 
 



 
            1. Introduction 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                          4 

  

modern automation and precision equipment that produce microelectronics and 

machinery components, respectively. In this study, equipment responsible for 

manufacturing integrated circuit (IC) packages is of particular interest and will 

further be introduced in the next section. 

 

 

1.2  Microelectronics Manufacturing Equipment 

 

Industry analysts (i.e., Dataquest, iSuppli, SIA, VLSI Research, and SEMI) 

recently predicted double-digit growth for the microelectronics industry in each of 

the coming years and, indeed, microelectronics is currently the largest industry in 

China, with a growth rate of nearly 20% annually. Statistics show that China is the 

world’s number one producer of audio and video products, telephones, and electric 

appliances, the number two consumer of microelectronics components (i.e., IC 

packages), and the number three producer of personal computers (PC) [5]. Hence, 

microelectronics manufacturing equipment represents one of the most important 

classes of automation and precision manufacturing equipment. The processes 

involved in manufacturing IC packages are essentially highly automated and precise 

(Fig. 1.2). From silicon wafers to the final IC packages, hundreds of 

microelectronics manufacturing equipment covering several tens processes are 

involved, including wafering, diffusion, lithography, implantation, metallization, 

dicing, wafer bumping, wire bonding, die bonding, reflow, underfill dispensing, 

encapsulation, and marking, to name but a few. Figure 1.3 shows some of the 

microelectronics manufacturing equipment used in a modern microelectronics 
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manufacturing line. These state-of-the-art equipment are responsible for different 

speed and accuracy requirements for the challenging processes mentioned above 

(Fig. 1.2). 

 

 

Fig. 1.2 An IC package surface-mounted on a printed circuit board (PCB). 
Inside this package, a chip is die-bonded on its substrate and there are 
hundreds of thin metal wires bonded between the bond pads on chip 
and the leads on substrate (i.e., wire bonding). The wire-bond width is 
33 µm while the bond-pad pitch is 65 µm, leaving only a 22-µm space 
between wire bonds. 
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Fig. 1.3 Microelectronics manufacturing equipment involved in the 
manufacturing of IC packages [3, 6, 7]. 
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Figure 1.4 shows the international technology roadmap for the pin counts 

of IC packages from 2003 to 2018 [8]. It is clear that the pin counts of an IC 

packages will have more than a three-fold increase, reaching a high value of 5426 

counts within the next 13 years. Apart from the improvement in speed and accuracy 

of manufacturing equipment due to the continuing increased pin counts, the larger 

wafer sizes available in the future poses an additional challenge to further increase 

the equipment speed. Hence, the success of launching market assaults, with 

enormous increases in the productivity and quality of advanced manufacturing 

equipment, is vital if these market growth and technological challenge are to be 

captured. 

 

 
Fig. 1.4 International technology roadmap shows the trends of increase in both 

pin counts of IC packages and size of wafer (diameter Ø) [8]. 
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Among all the available microelectronics manufacturing equipment, 

technological requirements for wire bonders are the most demanding in terms of 

speed and accuracy. Wire bonding is a room-temperature, low power-density 

bonding process that provides electrical interconnections between the bond pads on 

ICs and the leads on packages using fine metal wires (Fig. 1.2). A wire bonder uses 

ultrasonic vibration energy under pressure to plasticize the metal wires being 

bonded and forms a metallurgical bond by means of an ultrasonic transducer. To 

cope with the speed and accuracy requirements for bonding the wires as shown in 

Fig. 1.2, this type of equipment must be able to bond wires at a high bonding speed 

of more than 4 wires/s for a wire length of 2 mm with an ultra-fine bond-pad pitch 

of <68 µm and accuracy of <10 µm. Accordingly, the results of this study were 

demonstrated on a state-of-the-art wire bonder even though the results are also 

applicable to other equipment (Chapter 6). 

Figure 1.5 shows a state-of-the-art wire bonder (ASM AB559A) together 

with some critical functional parts. Similar to other microelectronics manufacturing 

equipment, a wire bonder basically consists of a highly accelerated moving part 

(e.g., an X–Y motion stage) mounted on the same equipment panel together with 

other sensitive and sophisticated parts (e.g., a vision-inspection apparatus, an Z–θ 

manipulator, and a wire-feed system). These functional parts work together to 

perform high-speed but accurate operation when the X–Y motion stage accelerates 

during the manufacturing cycle. 
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Fig. 1.5 A state-of-the art wire bonder: ASM AB559A. [3] 
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The manufacturing/bonding cycle of the wire bonder involves many 

different operational steps that are closely related to the degree of automation and 

precision. Figure 1.6 shows the steps starting from positioning the first bonding site, 

typically on an IC chip, below the bonding tool via translational motion of the 

moving part of the motion stage [Fig. 1.6 (a)]. After bonding the wire on the first  

Moving Part Moves To 
Another 1st Bonding Site

(a)

(b)

(d)

1st Bonding Site

2nd Bonding Site

Wire
Bonding Tool

IC Chip

Substrate
Moving Part

Motion Stage 

(e)

Wire Bonded

Wire Bonded And 
Torn Off

(c)

Moving Part Moves 
To 2nd Bonding Site

Wire Loop

Moving Part Moves To 
Another 1st Bonding Site

(a)

(b)

(d)

1st Bonding Site

2nd Bonding Site

Wire
Bonding Tool

IC Chip

Substrate
Moving Part

Motion Stage 

(e)

Wire Bonded

Wire Bonded And 
Torn Off

(c)

Moving Part Moves 
To 2nd Bonding Site

Wire Loop

 

Fig. 1.6 The steps involved in the operation cycle. The moving part of the 
motion stage moves in a profile with maximum acceleration of about 
20 m/s2. 
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bonding site [Fig. 1.6(b)], the moving part translates, typically 2 mm, to the second 

bonding site, typically on the package, within 30 ms [Fig. 1.6(c)] according to the 

motion profile shown in Fig. 1.7(a). During this short period of time, the moving 

part needs to achieve a very high acceleration of about 20 m/s2, resulting in a large 

dynamic force of around 160 N due to the effect of inertia as shown in Fig. 1.7(b)–

(d). After a certain stabilizing period, the wire is bonded to the second bonding site 

[Fig. 1.6(c)] and the moving part translates to the next first bonding site with similar 

motion profile as indicated in Fig. 1.7(a). The bonder then repeats the bonding cycle 

automatically. 
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Fig. 1.7 (a)Typical motion profile and its resultant (b)velocity, (c)acceleration, 
and (d)force profiles for a wire-bonding cycle. 

 

 

1.3  Vibrations against Speed and Accuracy 

 

Figure 1.8 shows an experimental acceleration signal captured at the 

moving part of a X–Y motion stage engaged in an ASM AB559A wire bonder when 

the moving part undergoes a 2-mm point-to-point translation.. Similar to the 

schematic diagram illustrated in Fig. 1.7, this triangular acceleration signal has the 

maximum acceleration of about 20 m/s2 in a short period of 30 ms. 
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Fig. 1.8 An experimental acceleration signal captured at the moving part in its 

translation direction. 
 

When the X–Y motion stage (~8 kg) accelerates as in Fig. 1.8, dynamic 

forces as large as 160 N will be created and propagate through the motion stage to 

the equipment panel where the sensitive and sophisticated parts are rigidly mounted. 

Because of structural coupling, vibrations of the equipment panel will eventually 

excite the sensitive and sophisticated parts into characteristic and/or cooperative 

vibrations. Figure 1.9 shows the repetitive bursts of acceleration signals detected at 

the moving part of the motion stage and also on the equipment panel. Under these 

vibrations, the relative positions of these vibration-sensitive parts with reference to 

the motion stage will be adversely affected and hence the manufacturing accuracy of 

the equipment. As mentioned in Section 1.2, equipment designers are under pressure 

to push up the equipment speed for production reasons. This in turn requires motion 

stages to move even faster. However, the higher the acceleration of the motion, the 
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more severe will be the vibrations that are generated, and the less accurate the 

motion that can be obtained. As a result, the increase in productivity is hindered by 

this high acceleration-induced vibration problem. Therefore, isolating vibration 

transmission from the equipment panel to vibration sensitive parts, as well as 

maintaining their positioning accuracy for the advance of automation and precision 

manufacturing, are deemed necessary. 
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1.4  Review of Vibration Isolation Technology 

 

In the previous section, it has been shown that dynamic forces generated 

from the highly accelerated motion stage lead to vibrations underneath equipment 

panel that, in turn, transmits vibrations to other functional parts mounted on the 

same panel due to structural coupling. The motion stage, equipment panel, and 

functional parts are subject to characteristic and cooperative vibrations. In other 

words, the ability to introduce appropriate vibration isolation means that one can 

effectively separate the functional parts from unwanted sources of vibration while 

maintaining their position accuracy, which in turn will enhance production 

flexibility, quality assurance, and competitiveness. Hence, a brief review on 

vibration isolation technology is performed in this section. In general, vibration 

isolation is implemented on the transmission path by reducing the amount of 

transmission of excitation forces/displacements from one location to another with no 

restriction on energy dissipation. Two typical cases of problems are considered in 

vibration isolation. They are shown in Fig. 1.10 as: 

Case (1):   An operating machine generates oscillatory forces which propagate in   

the supporting structure (i.e., force transmission) [Fig. 1.10 (a)].  

Case (2):   A supporting structure vibrates and transmits displacements to the 

suspended body (i.e., displacement transmission) [Fig. 1.10 (b)].  

For automation and precision equipment applications, it is noted that Case 

(1) corresponds to the transmission of dynamic forces generated by the highly 

accelerated motion stage to the equipment panel while Case (2) represents the 

transmission of dynamic displacements from the equipment panel to the vibration 
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sensitive parts mounted on the panel. The principles behind the transmission of 

forces/displacements can be realized when considering passive vibration isolation 

technology in Section 1.4.1. 

       

Fig. 1.10 (a) Case (1): An operating machine generates vibrations which 
transmit to the supporting structure and (b) Case (2): A supporting 
structure generates vibrations which influence the suspended body. 

 

 

1.4.1    Passive Vibration Isolation Technology 

1.4.1.1     Passive Vibration Isolation 

 

Passive vibration isolation for the two cases of problems mentioned above 

is achieved by reducing the amount of transmitted forces/displacements using the 

inherent compliance of passive vibration isolation devices. The compliance of such 

an isolation device modifies the response of the object to be isolated such that the 

transmission, either forces or displacements, is attenuated above a particular 

frequency. The elementary form of a passive vibration isolation device used in 

passive vibration isolation can be a resilient member connecting the disturbance 

source and isolating object as shown in Fig. 1.11.  

(a) (b) 
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Fig. 1.11 (a) A SDOF model showing the excitation forces (fx) and transmitted 

forces (fy) at the mass (m) supported by the spring (k) and damper (c) 
of the force transmission problem in Fig. 1.10(a). (b) A similar model 
showing the base displacements (y) and responses (x) of the 
displacement transmission problem in Fig. 1.10(b). 

 

Figure 1.11 shows the simplified model for the two cases of vibration 

isolation problems in Fig. 1.10. The operating machine illustrated in Fig. 1.10(a) can 

be considered as a mass (m) connected to the supporting structure through a passive 

vibration isolation device modeled as a parallel spring (k) and damper (c) [Fig. 

1.11(a)]. Similarly, the suspended body shown in Fig. 1.10(b) is also modeled as a 

mass (m) linked to the supporting structure though the same isolation device (i.e., k 

and c) [Fig. 1.11(b)]. These two single degree-of-freedom (SDOF) systems form the 

basic model for evaluating the transmissibility of a passive vibration isolation 

device. The transmissibility T(ω), defined as the ratio of disturbance forces at the 

mass to the transmitted forces at the supporting structure (i.e., xy ff ) or the ratio of 

displacement amplitude of the mass to the displacement amplitude of the supporting 

structure (i.e., yx ), can be expressed as [9, 10] 
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where ω  is the angular frequency of the disturbance. 

Normalizing ω  in Eq. (1.1) by the natural angular frequency of the 

systems 
m
k

n =ω , we have 

( )
( ) ( )22

2

21
21)(

rr
r

y
x

f
f

rT
x

y

ζ
ζ
+−

+
=== ,                                  (1.2) 

where 
n

r
ω
ω

=  is the normalized angular frequency and 
km
c

2
=ζ  is the damping 

ratio of the systems. 

By plotting Eq. (1.2), a typical transmissibility curve of passive vibration 

isolation systems is obtained in Fig. 1.12 from which two regions are identified. The 

region on the right with r > 1.414 is the “isolation region” with T(r) smaller than 

unity. The region on the left with r < 1.414 is the “amplification region” with T(r) 

larger than unity. The resonance peak is located around r  = 1 and its magnitude 

decreases with increasing ζ. For r > 1.414, however, increasing ζ reduces the 

effectiveness of isolation. There is thus a tradeoff between the responses at the 

resonance peak and that in the isolation region. For r > 1.414, T(r) decays at a rate 

of typically -20 dB/decade. 

In practice, it is desirable to have a “soft” passive vibration isolation 

device so that the system resonance frequency after installing the device (i.e., nω ) 

can be as low as possible and the corresponding isolation region as shown in Fig. 

1.12 can cover the disturbance frequencies. However, this passive vibration 
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isolation device with a small k will result in large static deflections and potential 

buckling and stability problems upon isolation [10, 11].  

Consider the settling time SettlingT , which is defined as the time required for 

a system to settle within a certain percentage of the input amplitude. Assume the 

percentage is 2% of the final value, the SettlingT  of the systems above under a step 

input is approximately 

n
SettlingT

ζω
4

≈ .                                                   (1.3) 

Eq. (1.3) implies that passive isolation devices having large stiffnesses and damping 

ratios will have shorter settling times. For a typical mechanical system with a 

damping ratio of 0.01 and the natural frequency of 20 Hz, the SettlingT  is in excess of 

3 s for 2% of the final value. 

 
Fig. 1.12 Transmissibility T(r) versus normalised frequency r of a passive 

vibration isolation system SDOF. 
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1.4.1.2     Passive Vibration Isolation Devices 

 

Rubber mounts and pneumatic isolators are the most commonly used 

passive vibration isolation devices. Their characteristics are discussed as follows.  

Rubber mounts are the most cost-effective type of vibration isolation 

device. Their isolation properties originate from the large deformation provided by 

rubbers. Rubbers are natural polymeric materials with long-chained molecules. 

Because of their large deformation capacity of over 200% (i.e., large static 

deflection), rubbers are exceptionally useful, economical, and compliant materials 

for making vibration isolation devices [11] Rubber mounts are used to isolate 

vibrations above 6 Hz with high-frequency decay rates better than -20 dB/decade. 

However, the response times of rubber mounts are very slow (i.e., >2 s) and they 

maintain at the deformed states even after the applied loads are removed. Rubber 

mounts are usually found in high load vibration isolation applications like engine-

base or equipment-leg isolations where both the response time and repositionability 

are not important. For small loading applications, pneumatic isolators are used. 

              
Fig. 1.13  Various rubber mounts [12]. 
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Pneumatic isolators are employed in most lab-based or high-precision 

applications such as optical tables. Unlike rubber mounts, the resonance frequency 

of a pneumatic isolator is nearly independent of the mass of payload. Pneumatic 

isolators utilize a large volume of air instead of rubber as the spring to achieve a 

very low natural frequency of typically 1.5 Hz with high-frequency decay rates of 

better than -25 dB/decade. The major drawbacks of this type of isolator are slow 

response times (i.e., >3 s), large sizes (i.e., ~800 × 600 mm2), and large reposition 

errors (i.e., >100 µm). Moreover, they require pressurized air supplies to sustain 

their operations. Thus, similar to the rubber mounts, they are only suitable for 

applications where the response time and reposition accuracy are not major 

concerns. 

 

Fig. 1.14 A pneumatic isolator-based platform having the natural frequency of 
1.5 Hz in the vertical direction [13]. 
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1.4.2  Active Vibration Isolation Technology 

1.4.2.1 Active Vibration Isolation 

 

A vibration isolation system is defined as active if it uses an external 

power to carry out its function [9, 14, 15]. A typical active vibration isolation 

system is shown in Fig. 1.15. It involves the use of actuators, sensors, and a 

controller to achieve the active vibration isolation. The sensors are used to detect the 

vibrations to be controlled, the actuators are used to reposition the mass, and the 

controller is used to interpret the vibrations detected by the sensors and to execute 

commands on the actuators. The response of the mass m in Fig. 1.15 is thus the 

superposition of the natural response and artificial response of the system. The 

natural response is due to the mass (m) and the spring (k) and damping (c) of the 

actuators while the artificial response is due to the control force (F) given by the 

loop of sensors, controller, and actuators. Active vibration isolation possesses the 

following advantages as compared with the passive technology: 

 

Fig. 1.15  Schematic diagram of a typical active vibration isolation system. 
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(1)  It is adaptive to different vibrating objects. The objective of control can be 

programmed to a targeted specification. 

(2)     It is more effective to suppress low-frequency vibrations (< 70 Hz).  

(3)  Typical actuators, sensors, and controller used in active vibration isolation 

can provide isolation responses to within milliseconds. 

(4)     The repositioning accuracy can be controlled within 10 µm. 

 

The effect of active vibration isolation is illustrated in Fig. 1.16. Unlike 

passive isolation which only effects above a particular frequency, the vibration 

magnitude across the whole frequency range of interest is reduced by about 10 dB in 

active isolation, especially in the low-frequency region below the first resonance. 

Moreover, the resonance peaks as shown in Fig. 1.16 are attenuated to about 20 dB. 

This broadband and low-frequency isolation performance reflects the value of active 

isolation over the passive means. 
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Fig. 1.16 Comparison between T(ω) passive and active vibration isolations [16]. 
 

 

While active vibration isolation technology was introduced as early as the 

1950’s, practical applications were not popular until late 1990’s because it involves 

knowledge from different disciplines, including electrical engineering, mechanical 

engineering, control engineering, materials engineering, etc. In addition, actuators, 

sensors, and controller technologies were not mature enough at that time. After late 

1990’s, technology bloom of electronics industries basically solved the problems in 

contoller and central processing unit (CPUs) can run at over 2 GHz today. 

Advancement in economical commercial vibration sensors like accelerometers and 

force sensors also provides a strong foundation for the development of active 

vibration isolation systems. Unfortunately, the actuator technology still cannot catch 

up with the development requirements in terms of performance, size, and price. 
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Although several commercial piezoelectric actuators, including amplified 

piezoelectric actuator (APA) of Cedrat [17], flextensional piezoelectric actuator of 

Dynamic Structures and Materials (dsm) [18], and prestressed piezoelectric actuator 

of Physik Instrumente (PI) [19], are compact enough to be implemented in vibration 

control in aerospace structures, they are too costly for use in industrial equipment. 

The availability of an economical, high-performance actuator designated for 

vibration isolation is thus a major milestone in the development of active vibration 

isolation technology.  

 

1.4.2.2     Active Vibration Isolation Devices 

 

            Smart materials-based actuation devices have been widely involved in 

mechanical and aerospace designs in recent years because of their compact size and 

reliable performance [20]. Although there are many other different smart materials-

based devices utilizing shape memory alloys or magnetostrictive materials, 

piezoelectric materials-based devices are still the dominant class in both the sensing 

and actuation areas due to their mature manufacturing technologies, availability in 

different forms, fast response, low power consumption, and cost effectiveness.  

There are many sensors available for vibration measurements, including 

the well known capacitive accelerometers, strain gauges, capacitive displacement 

sensors, piezoelectric accelerometers, piezoelectric force sensors, and linear variable 

differential transformer (LVDT). Owing to the small size and light weight of 

piezoelectric accelerometers, they are the most common sensors used in the 

vibration community. The use of piezoelectric materials as sensors/actuators has 
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been developing rapidly since the Second World War in 1941. In an accelerometer 

(Fig. 1.17), the stress on the piezoelectric material occurs as a result of the seismic 

mass (m) imposing a force (F) due to acceleration (a) on the material. Over its 

specified frequency range, this structure approximately obeys Newton's law of 

motion, F = ma. Therefore, the total amount of accumulated charge is proportional 

to the applied force that, in turn, is proportional to acceleration.  

 

Fig. 1.17 Structure of a piezoelectric accelerometer [21]. 

 

For actuators, in fact, modern electromagnetic and hydraulic actuators like 

voice coils and hydraulic pistons have very high performance in terms of travel span 

and power. However, when compared to piezoelectric actuators, piezoelectric 

actuators can provide sub-nanometer resolutions, zero frictions, zero wear, fast 

responses, large forces (up to 50 kN), and high energy densities without 

incorporating servo encoders, controllers, large hydraulic pumps, valves, etc. This 

type of solid-state actuator can also provide actuation in a very compact size which 

can be highly integrated to the system of interest. Although piezoelectric actuators 

have these advantages, their travel ranges are too short (strain typically about 100 

ppm) and they are only suitable for microscale actuations. Techniques for 
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amplifying the strain produced by piezoelectric materials for mesoscale purposes 

thus becomes one of the major topics in the fields of smart piezoelectric materials 

and structures.  

Figure 1.18 shows two basic forms of piezoelectric devices: namely, 

multilayer stacks [22] and multilayer benders [19]. The former ones, which 

comprise 20–100 µm thick piezoelectric layers, can generate large forces of up to 20 

kN by using d33 mode of operation while the latter ones, which contain long 

piezoelectric layers, can generate displacements of up to 2 mm by using d31 mode of 

operation (The mode of operation expresses the relationship between the direction 

of strain and direction of the applied field and this will be explained in the review of 

piezoelectricity in Chapter 2). 

 

(a)        (b)  
 
Fig. 1.18   (a) Piezoelectric multilayer stacks from Tokin with displacements up 

to 42 µm and forces up to 20 kN and (b) piezoelectric multilayer 
benders from PI with displacements up to 2 mm and forces of 1 N. 

 
 

To make a device having substantial vibration isolation capability, it is 

necessary to have member possessing enough compliance. Although stacks can 

provide large forces and considerable displacements, their block-like structure does 

not have any compliance for vibration isolation. Benders, on the other hand, having 
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a beam like structure with two of the dimensions much longer than the others, are 

more capable of providing the reqquired compliance for isolation than the stacks. 

Also, benders like unimorphs can be operated in bi-directional mode while stacks, 

owing to their intrinsic lower tensile stress limits, can only be operated 

unidirectionally or asymmetrically. Benders, like unimorphs, with the piezoelectric 

ceramic layer coated/bonded on the top of a substrate, are much tougher and less 

brittle than the stacks so that they are more rugged and can function in harsh 

environment. Benders thus exert a greater potential over stacks to serve as the 

actuation elements for compliant structure in vibration isolation applications.     

Several mesoscale piezoelectric actuators are utilized/extended from these 

two basic forms of piezoelectric devices to develop actuators with amplified 

strains/displacements since 1990’s (Fig. 1.19). However, these actuators are not 

developed initially for active vibration isolation purposes and they have some 

characteristics that do not match the requirements for active vibration isolation 

applications. Nevertheless, they are summarized in the following according to their 

time of development (Fig. 1.19): 

(1)           Moonie [23, 24] – It is a ceramic-metal composite transducer composed of 

a piezoelectric ceramic disk with its rim glued to a hollow metal end caps at the top 

and bottom. It was developed in 1991 as a sonar transducer to send out sonic waves 

with higher intensity. The displacement output comes from the bulging of the metal 

caps when the piezoelectric ceramic disk expands/shrinks in the radial direction. 

The output properties can be easily tailored through the modification of the end caps 

and the thickness of the metal end cap. However, the deformation of moonie is 
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highly hysteretic and the stress concentration during actuation can damage the outer 

edge of the piezoelectric ceramic disk. 

(2)         Rainbow [25] – Rainbow is an acronym for reduced and internally biased 

oxide wafer developed originally for sonar application in 1994. Rainbow is 

physcially an oxide piezoelectric disk with one of the two faces of the disk reduced. 

The difference in piezoelectric properties between the reduced and non-reduced side 

creates a bending moment within the wafer when it is electrically energized. The 

output strain of rainbow can be as high as 600%. However, the fabrication is 

difficult and the wafer itself is very brittle. 

(3)        C-Block [26, 27] – It is a class of actuator, developed in 1995 as a 

micromotor, having half circle shape, i.e., C. It can be combined in series or in 

parallel like building blocks to improve force and displacement outputs, i.e., C-

block. It is constructed of two curved piezoelectric ceramic layers in a bimorph 

configuration. These layers are actuated with equal but opposite electric field to 

produce bending moment which is used as the actuation mechanism. However, it is 

relatively difficult to fabricate a C-shaped ceramic and couple the C-block to an 

external structure. 

(4)          Thunder [28] – Thunder is the abbreviation of thin layer unimorph driver 

and sensor. It was developed in 1997 as a loudspeaker for mid-range frequencies. It 

is produced by bonding thin piezoelectric ceramic to thin metal sheet using a high 

temperature polyimide adhesive developed by the National Aeronautics and Space 

Administration (NASA) in the US. After autoclaved the thin layers at 300oC to cure 

the polyimide bonding layer, the layers form a curved stress-biased actuator due to 

coefficient of thermal expansion mismatch. Because of the metal-ceramic composite 
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structure, Thunder is a rugged, spring-like actuator with inherent passive isolation 

and sensing properties. However, its curved shape makes its installation difficult 

and performance very sensitive to boundary conditions. 

(5)     Telescoping actuator [29] – It was developed for high-end aerospace 

applications in 1997 and is constructed of several short, concentric cylinders of 

piezoelectric material linked together like a telescope. The displacement output is 

the sum of the strains of all cylinders. These cylinders are operated in opposite 

phase such that when one cylinder elongates axially, the alternate cylinders shrink. 

This design can provide much better coupling and the size can be very compact. 

However, the junctions of alternate cylinders have high stress concentration that 

they crack easily and have no resistant to shock. 

(6)       APA [30 – 36] – It was developed in 1998 using piezoelectric multilayer 

stacks together with a compliant structure and is known as amplified piezoelectric 

actuator (APA). A compliant structure consisting compliant mechanism transforms 

motion, force or energy where the mobility is obtained from the deflection of the 

flexible members within the structure [37]. This kind of structure does not involve 

friction and backlash and thus, very suitable to accompany piezoelectric ceramic 

materials for transforming force while preserving their advantages. By using 

piezoelectric multilayer stacks as the driver for the compliant structure, this class of 

actuators can generate displacements of over 1 mm and forces of over 1 kN. 

However, the multilayer stacks used in these actuators are very expensive and 

fragile to be installed in industrial equipment for mass production.  
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Fig. 1.19 Development history of piezoelectric actuators. 
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1.5  Trend and Challenge 

 

The development of automation and precision manufacturing equipment is 

facing new challenges in recent years. The continuous reduction in size and increase 

in complexity of consumer products require modern manufacturing equipment to 

provide higher speed and accuracy. This is best illustrated in microelectronics 

components manufacturing in which the number of pin counts increases from 450 in 

1995 to over 1500 in 2005, and even to 5426 in 2018 [38]. This trend has put a new 

design specification on modern manufacturing equipment that has called for a 

technological breakthrough in terms of production speed and positioning accuracy 

so as to maintain competitiveness. While modern motion technology can reach the 

required speed target, the associated high acceleration in motion stages creates large 

dynamic forces during operation. As the motion stage and other functional parts of 

the equipment are rigidly mounted on the same equipment panel, these dynamic 

forces eventually excite all the functional parts into characteristic and/or cooperative 

vibrations through the equipment panel. The higher the acceleration of the motion, 

the less accurate the position can be obtained. This creates a technological challenge 

that hinders the productivity enhancement of modern automation and precision 

manufacturing equipment in general and microelectronics manufacturing equipment 

in specific. 

It has been shown that conventional passive vibration isolation devices 

using rubber mounts and pneumatic isolators can only isolate vibrations above 1.414 

times the natural frequency of the system (Fig. 1.12). Moreover, the response times 

are generally more than 1s, which is equivalent to several manufacturing cycles. In 
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addition, these devices are incapable of repositioning themselves accurately, and the 

loaded-deformations upon vibrations create significant positioning errors in 

automation and precision equipment. Thus, active vibration isolation based on 

intelligent actuators, sensors, and controller is a possible solution to tackle the 

intrinsic weakness in passive vibration isolation. As sensor and controller 

technologies are very mature, the bottleneck of active vibration isolation mostly lies 

in the availability of high-performance actuators. As a result, developing a new class 

of actuator is crucial to active vibration isolation in automation and precision 

equipment. From both “innovation” and “technology” points of view, it is more 

advantageous if the said actuator can possess passive isolation and active sensing 

abilities too. Therefore, it is most desirable to develop an active-passive vibration 

isolation device having the following features: 

 

(1) The device should have enough compliance to contain inherent passive 

vibration isolation capability to isolate vibration propagation from 

equipment panel. 

(2)           The device should provide active actuation function to modify the 

response of the vibration sensitive parts mounted on the vibrating 

equipment panel. 

(3) The device should respond fast enough so that it can restore the position 

of vibration sensitive parts within the limited time slot of the 

manufacturing cycle.  

(4) The device should provide sensing function so that sensor-actuator-

isolator collocation is achieved for sensoriactuation [39]. 
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(5)  The device should provide a tabletop for proper installation of vibration 

sensitive parts. 

(6)  The device should have defined coupling/mounting to external structures 

so that its performance is independent of its boundary conditions due to 

mounting. 

(7)  The device should be compact in size. 

(8) The device should be operated at low voltages (<200 V). 

 

 

1.6  Objectives of the Project 

 

   As discussed in the previous sections, the ability of developing an active-

passive vibration isolation device to provide inherent passive isolation function and 

advanced active sensoriactuation function with fast response and accurate 

repositioning is invaluable to vibration problems engaged in modern automation and 

precision equipment.  

Therefore, the main objective of this study is to develop a novel class of 

active-passive vibration isolation devices, called PiTAPaT (Piezoelectric 

Trapezoidal Active Passive Table), based on the piezoelectric materials and 

compliant structure technologies, so as to provide an isolated tabletop for mounting 

vibration sensitive parts and isolating them from their underneath disturbance 

sources. The emphasis is put on the design, fabrication, and characterization of 

PiTAPaT, as well as on its application to microelectronics manufacturing equipment.  
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1.7  Scope of the Project 

 

In order to develop PiTAPaT for automation and precision equipment 

applications in general and for microelectronics manufacturing equipment 

applications in specific, the following sequence is followed: 

 

(1) The conceptual configuration and operation of PiTAPaT are outlined. 

Physical design model of PiTAPaT is developed. (Chapter 2) 

(2) The operation and parametric studies are carried out using finite element 

method and the results are compared to those of the physical design model. 

(Chapter 3) 

(3) Three characteristic models of PiTAPaT are fabricated and evaluated by 

measuring their displacement, isolation and sensing properties. The results 

are compared with those obtained using finite element method and 

physical design model. (Chapter 4) 

(4) A hybrid PiTAPaT is develoepd and evaluated. The results are compared 

to the basic PiTAPaT. Vibration isolation performance of the hybrid 

PiTAPaT is evaluated in both the laboratory and an ASM AB559A wire 

bonder environments. (Chapter 5) 

(5) Conclusions and suggestions for future work are given in Chapter 6. 
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Chapter 2 
 
Theoretical Design of PiTAPaT 
 

 

 

2.1  Introduction 

 

 As mentioned in the previous chapter, the development of highly integrated 

vibration isolation devices incorporating active sensoriactuation function with 

passive isolation function is crucial to overcoming time and space constraints on 

vibration isolation of sensitive and sophisticated parts from highly accelerated 

motion stages in automation and precision manufacturing equipment in general and 

in microelectronics manufacturing equipment in specific. Importantly, the retention 

of passive isolation function is to provide a fundamental isolation assurance for the 

parts to be isolated, especially when the active sensoriactuation function is not 

activated. 

In fact, most of the so-called active vibration isolation devices available in 

the market are not primarily designed for vibration isolation applications. It is 

highly desirable to provide equipment designer an “active-passive” vibration 

isolation device having: (1) a compliant structure for facilitating a certain level of 

passive isolation, (2) an actuation means for restoring the isolated part to its original 

position with the least time and error, (3) a collocated sensing means for monitoring 

vibrations associated with the isolated part, (4) a tabletop for placing the isolated 
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part, and (5) a mounting means for installing the device on the structure generating 

disturbance. In accordance with these, a novel class of active-passive vibration 

isolation devices, called PiTAPaT (Piezoelectric trapodizal active-passive table), 

was developed in the present study by integrating the piezoelectric materials and 

compliant structure technologies.   

In this Chapter, the theoretical design of PiTAPaT is described. The 

conceptualization of PiTAPaT is first presented by elucidating the design 

requirements and evolution of the design. A physical model for predicting free 

displacement, stiffness, and blocked force of PiTAPaT under different combinations 

of geometric parameters and material properties is then derived. A design guide, 

which governs the effects of geometric and material variations on tailoring a 

suitable PiTAPaT for a specific isolation problem, is generated and will be used, in 

conjunction with a finite element method, to further analyze PiTAPaT in Chapter 3. 

 

 

2.2       Conceptualization of PiTAPaT 

2.2.1  Design Requirements 

 

Based on the review on active vibration isolation devices performed in 

Chapter 1, the commercially available active devices are originally designed for 

actuator, transducer, or sensor applications. Some of them (e.g., multilayer stacks, 

APAs, etc.) lack the structural compliance necessary to enable sufficient passive 

vibration isolation. The stiff structures associated with these devices lead to direct-

transmission of vibrations to the isolated parts, thereby reducing their isolation 
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performance. While others have excellent strains and high-frequency performance 

(e.g., C-block, Rainbow, etc.), their brittle ceramic-only structure poses reliability 

problems when used in vibration isolation.  The possible candidates that can be used 

as isolation devices for current vibration isolation problems should be tough enough 

to sustain continuous vibrations (e.g., Thunder, Moonie, etc. because of their metal-

reinforced composite structures). However, the manufacturing methods associated 

with fabricating these tough structures are very demanding and involve enormous 

facilities investment. Also, the mountings of these devices are not well-defined and 

their boundary conditions create uncertainty during operation. It is thus essential to 

redesign a device involving some low-cost, flexible driving elements like bender 

actuators described in Section 1.4.2.2. Under the general design requirements listed 

in Chapter 1, the following specifications are required for designing PiTAPaT: 

 

(1) It should have sufficiently high compliance (i.e., <45 kN/m) to contain 

inherent passive vibration isolation capability to isolate vibration 

propagation above 70 Hz from equipment panel to vibration sensitive part 

of 120 g. 

(2) It should provide active actuation function to modify the response of the 

isolating part. The actuation stroke should be at least 15 µm/100V over 0–

70  Hz bandwidth. 

(3) It should have a short response time of less than 25 ms so that it can 

restore the position of the isolated part before the next manufacturing cycle.  

(4) It should provide collocated sensing function with sensitivity not less than 

50 mC/m/s2. 
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(5) It should provide a tabletop for direct installation of the isolating part. 

(6) It should be able to be firmly mounted on the equipment panel so that it 

exerts stable performance insensitive to its boundary conditions. 

(7) It should be compact in size preferably within 150 × 150 mm2 

(8) It should be operated at low voltages of less than 125 V. 

 

These specifications provide the design requirements and constraints on 

PiTAPaT. The evolution of design to meet these specifications is described in 

Section 2.2.2. 

 

2.2.2       Evolution of Design 

 

 Figure 2.1 shows the evolution of the design for PiTAPaT. The design 

starts with the use of piezoelectric benders [40–50], which is a bi-layer of 

piezoceramic patch and metal layer. Because of a metal layer affixed under the 

piezoceramic patch, the bender becomes tougher and more flexible [Fig. 2.1(a)]. By 

mounting the bender with its two ends fixed on the ground, a stable and predictable 

performance can be obtained. However, the actuation performance and passive 

isolation performance will be hindered under these constraints. The design thus 

evolved to the one in Fig. 2.1(b) where a trapezoidal metal frame is formed with its 

two slanting legs attached with piezoceramic patch to form two benders. This  
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Fig. 2.1   Evolution of the design for PiTAPaT 

 

configuration allows some freedom for motion in the vertical direction. A flat central 

link connecting the slanting legs serves as a mounting seat for the installation of 

isolating object. To eliminate side motions of the benders, they are symmetrically 

arranged and connected through the central link such that the side motions from each 

individual bender can compensate for the side motion of the other. In order to 

increase the loading capacity of PiTAPaT, the two benders are inclined so that loads 

applied on the central link can be decomposed into loads in the transverse and 
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longitudinal directions, resulting in a trapezoidal structure as shown in Fig. 2.1(b) 

having larger stiffness and higher blocked force. Thus, the desired operating 

frequency, stiffness and blocked force of PiTAPaT can be tuned by changing the 

inclination of these two benders to the horizontal θ. While this trapezoidal structure 

can provide a rigid mounting as well as adjustments of the operating frequency, 

stiffness, and blocked force of PiTAPaT, a close examination of this structure reveals 

that the rigid central link connecting the two benders creates geometrical constraints 

at the four corners of the trapezoid. It is obvious that the central link, without much 

compliance in the horizontal direction, limits the bending motions of the benders. 

Although the tips (the end connecting the central rigid link) of the benders bend up 

upon an electrical excitation, the middle parts of the benders move down eventually, 

giving rise to a virtually zero deflection at the tips of the benders. Thus, the 

deflection output of the central link δT is mainly a result of the moment-induced 

flexural deflection of the central link itself. A saddle-like unit extendable in the 

horizontal direction is designed to replace the central link to facilitate the bender 

motion contribution to the output of the device [Fig. 2.1(c)]. 

The conceptual design of PiTAPaT incorporating a saddle-like unit is 

shown in Fig. 2.1(c) and Fig. 2.2. The design still contains the same inclined benders, 

but the central link of the metal frame is modified/folded to form a saddle-like unit  

The saddle-like unit, with its two sides connected to the benders, can be divided into 

two amplifying levers, two flexural links, and a central mounting seat. With this 

configuration, the compliance in the horizontal direction is achieved through the 

bending of the flexural link while the vertical compliance necessary for passive 
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vibration isolation is also enhanced through the introduction of the saddle-like unit. It 

is noticed that a corner filleted flexure is used to connect the amplifying lever and the  

 

Fig. 2.2   Basic structure of PiTAPaT with saddle like amplifying mechanism. 
 

mounting seat instead of using right circular or elliptical flexures as described by N. 

Lobontiu et al [34]. Although right circular flexure is stiffer and can provide higher 

rotation center precision, it is less compliant in terms of transverse motion and 

rotation which are required by the benders. Thus, corner filleted flexures with 

bending compliance higher than that of the right circular flexures are utilized as the 

flexural links of the saddle-like unit to relieve the constraints at the connection 

junctions.  

Figure 2.3 shows the deformed and undeformed shape of the proposed 

PiTAPaT as illustrated in Fig. 2.3 when the piezoceramic patches are energized by an 

electrical voltage. The contraction of the piezoceramic patches upon an electrical 

excitation leads to a bending moment within the benders. This bending moment 

provides a deflection δP as well as a rotation α at the junctions connecting the 

benders to the amplifying levers of the saddle-like unit. These two motion inputs are 
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then transmitted to the mounting seat of the saddle-like unit through the amplifying 

levers and the flexural links, leading to a displacement output δT at the mounting seat. 

The introduction of the saddle-like unit not only relieves the geometric constraints 

exhibited by the device through the flexural links, but also amplifies the 

displacement of benders by converting rotations α of the amplifying levers to 

deflection of the mounting seat. Consequently, the displacement output δT of 

PiTAPaT as seen from the deflection of the mounting seat is attributed to the 

resultant motion of the benders and amplifying levers rotation of the saddle-like unit. 

It is found experimentally that the present device with a saddle-like unit is capable of 

producing displacement 6 times larger than a design without the saddle-like unit.  
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Fig. 2.3  Deformed and undeformed shapes of the PiTAPaT consisting of two 

PZT benders and a saddle-like unit. 
2.3        Physical Model of PiTAPaT 

 

The physical model of PiTAPaT is developed as a cascade combination of 

benders and saddle-like unit by considering the motions of the benders and saddle-

like unit separately as shown in Fig. 2.4. Since a two-dimensional (2-D) deformation 

is concerned, two geometric parameters are required to connect the benders and the 

saddle-like unit together, i.e., the bender deflection and rotation at the connection 

junctions of the benders and saddle-like unit. The model takes voltage V applied 

across the piezoceramic patches and load FB applied on the mounting seat as the 

inputs. The benders then transform them into bender tip deflection δP and rotation α 

under the constraints given by the saddle-like unit. The saddle-like unit further 

transforms these two parameters into the deflection of mounting seat δT. If the load 

FB is set to zero, the deflection δT will be the free deflection. Conversely, if the 

voltage V is set to zero, the inverse of deflection δT will be the stiffness of PiTAPaT. 
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Fig. 2.4   Cascaded model of PiTAPaT. 

 

Figure 2.5 shows a simplified 2-D geometric structure used to model the 

free deflection and blocked force of PiTAPaT having the saddle-like amplifying 

mechanism and an inclined bender. Since the structure of PiTAPaT is symmetrical, 

only half of the model is presented with a roller boundary conditions (no horizontal 

motion and rotation) applied in the symmetry plane of the half model while the other 

end of the bender is fixed (no deflection or rotation). The following assumptions are 

made in the mathematical modeling: 

 The deformation of PiTAPaT can be considered as a 2-D plane model. 

 The deformation remains linear. 

 Both bender and flexural link are assumed to be long when compared with its 

thickness and width and they behave as Euler beams so that deflection due to 

shearing is negligible. 

 The adhesion between the piezoceramic patch and the metal layer is perfect such 

that the strain distribution across the boundary of the piezoceramic and metal 

layer is continuous. 

 The piezoceramic and the metal layer have the same width, w. 

 The mounting seat is assumed to be rigid so that it rotates or translates as a rigid 

body. 

 The bending stiffness of the amplifying lever and the mounting seat are at least 
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10 times higher than that of the flexible link so that the deformation of the 

amplifying lever is negligible. 

 

Fig. 2.5  Half model of PiTAPaT for modeling. 

2.3.1    Piezoelectricity 

 

Before building the physical model, it is important to understand the basics 

of piezoelectricity. The piezoelectric effect was discovered by the brothers Jacques 

and Pierre Curie in 1880. The piezoelectric effect states that when a piezoelectric 

material is subject to a mechanical stress, it will generate electric charges 

proportional to the applied stress. Conversely, when the same piezoelectric material 

is exposed to an electric field, it will deform and this is known as the converse 

piezoelectric effect. Figure 2.6 shows the structures of a commonly used 

piezoceramic, lead zirconate titanate (PZT), above and below its Curie point 

respectively. Curie point is an important transition temperature above which the 

crystal structure is cubic without electric dipole [Fig. 2.6(a)]. However, below this 

temperature, the positively charged Ti/Zr ion shifts from its central location [Fig. 

2.6(b)]. This distorted crystal lattice is known as perovskite structure and produces 

Amplifying lever, L1

Flexible link Mounting seat

Bender, LP 

θ 

Saddle-like unit
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an electric dipole with a single axis of symmetry (i.e., ferroelectric). As PZT is  

polycrystalline, the dipoles orientate randomly. To elicit piezoelectric response in 

PZT, a d.c. electric field has to be applied at elevated temperature in order to polarize 

the material. The dipoles aligned at elevated temperature will maintain this  

(a)           (b)  
 

Fig. 2.6 The structures of PZT (a) above and (b) below its Curie point [51].  
orientation after the d.c. electric field is removed at room temperature. This 

polarization process causes the PZT to exhibit piezoelectric effect and the 

piezoelectric phenomenon is usually described by piezoelectric constitutive 

equations. 

 

2.3.2    Constitutive Equations of Piezoceramics 

 

In this section, the notations of the IEEE standard on piezoelectricity [52] 

are used to describe the constitutive equations of piezoelectric materials. Since 

piezoelectric phenomenon is a coupled field phenomenon where electrical and 

mechanical characteristics interact with one another, the constitutive equations for a 

piezoelectric element can be described in a matrix form as 
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where d  is the piezoelectric constant relating the mechanical strain S to the electric 

field E; S1, S2, and S3 are the tensile strains; S4, S5, and S6 are the shear strains; sE is 

the compliance of the material due to mechanical stress T under constant electric 

field; D is the electric displacement expressed in terms of Td  and ETε ; and ε T is 

the dielectric constant under constant stress. Eq. (2.1) can be transformed into 

kE
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p E
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and                                    kT
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2

ε
ε −+= ,                                 (2.2b) 

where p, q = 1 – 6 and i, k = 1 – 3. 

 

Using the constituent equations of piezoelectric materials, the electromechanical 

characteristics of bender and also PiTAPaT incorporating a saddle-like unit can be 

derived in the next section. Since piezoceramic patch is used to activate the structure, 
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d31 mode (electric field in the 3-direction and mechanical strain in the 1-direction) 

will be the operational mode of the bender. The poling direction of the piezoceramic 

patch is along the thickness (or 3-) direction.  

 

2.3.3     Equations of Bender 

 

We first start with the derivation of equations for the benders (Fig. 2.7). 

Consider the bender element in Fig. 2.8. From Eq. 2.1(a), the strain in the 1-direction 

of the piezoceramic patch excited by an electric field in the 3-direction is 

3311111 EdTsS pEp −= ,                                               (2.3) 

where the superscript p on S and T represents the strain and stress in the 

piezoceramic patch. Similarly, the metal layer is strained when the piezoceramic 

patch strains.  

 

Fig. 2.7 Bender element. 

 

The strain at the upper part of the metal layer is 

mm TsS 1111 = ,                                                    (2.3) 

Piezoceramic Patch 

Metal Layer 

Neutral Axis 

T m T m
T pT p 
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where the superscript m on S and T represents the strain and stress in the metal layer.  

Both pT1  and mT1  are the transverse stresses acting on the bender element. These two 

stresses are linear function [53, 54] of the distances from the neutral axis of the 

bender. The internal energies, u of the piezoceramic patch and metal layer of an 

element are expressed as 

3311 2
1

2
1 EDTSu pppp +=                                         (2.4a) 

and                                                       mmm TSu 112
1

= .                                           (2.4b) 

The total energy of the bender can thus be found by volume integration of Eqs. (2.4), 

giving 

( )∫∫∫ +=+= dzdydxuuUUU mpmp .                                (2.5) 

By differentiating the total internal energy U of the bender with respect to the 

extensive parameters, the bender matrix is obtained as 
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where α and δp are the bender tip rotation and transverse deflection respectively. Lp is 

the length of the piezoceramic patch. M and Ft are respectively the moment and 

transverse force applied at the bender tip. V is the voltage applied across the 

thickness of the piezoceramic patch, w is the width of the bender, d31 is the 

piezoelectric constant, and 

 

( )p
m

m
ppm hshsssA 11111111 += ,                                                                                     (2.7a) 



 
           2. Theoretical Design of PiTAPaT 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                        52
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where A, B, and K are geometric and material parameters, 11s  is the compliance, h is 

the thickness, and the superscript m and p represent metal layer and piezoelectric 

patch respectively. We replace the elements of the matrix by A’, B’, C’, D’, E’ and F’ 

for simplicity, 
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By using Eq. (2.8), the geometric information of the bender tip can be related to the 

connection junction of the saddle-like unit through the parameters α and δp. These 

two parameters should be the same as that happened in the saddle-like unit. 

 

2.3.4     Equations of Saddle-like Unit  

 

As mentioned in Section 2.3, the derivation of free displacement requires 

setting blocked force to zero while the derivation of blocked force requires setting 

free displacement to zero. In this section, the saddle-like unit part of the cascade 

model (Fig. 2.9) is discussed. 
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2.3.4.1  Saddle-like Unit and Free Displacement 

 

In calculating the free deflection of PiTAPaT, no external loading is applied on the 

mounting seat of the saddle-like unit. Separating the saddle-like unit from the bender 

and considering the loadings at the junction connecting the bender to the saddle-like 

unit of PiTAPaT, a horizontal force Fh and a moment M exist at the amplifying lever 

tip when the piezoceramimic patch of the bender is energized as shown in Fig. 2.10. 

There is no vertical force acting on the saddle-like unit as shown because the roller at 

the mounting seat is free in the vertical direction. Since the bending stiffness of the 

amplifying lever and the mounting seat are assumed to be much higher than that of 

the flexible link, the horizontal force Fh required to have a horizontal deflection at 

the saddle-bender junction is 

h
h

F FI
IE

LF
x

h
'

12 22

3
2 == .                                          (2.9) 

where L2 is the length of flexural link, E2 is the elastic modulus of flexural link, and 

I2 is the moment of inertia of the flexural link. 

For moment M, the deflection and rotation of the flexural link is 
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Fig. 2.8 Loadings on the saddle-like unit exerted by the benders. 
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and the rotation induced deflection at the mounting seat is 

22

21
1 IE

MLL
L MS == αδ .                                       (2.11) 

As the saddle-like unit and the bender are actually joined together, the 

boundary conditions at the bender-saddle junction require that both the rotation angle 

and horizontal deflection of the saddle and bender tips are the same.  

Thus, we have 

MHVCFBMA M '''' ==++= αα ,                    (2.12a) 

( ) MJFIxxVFFEMD hMFhp ''sin'''sin +=+=++= θθδ .   (2.12b) 

It is noticed that the force F on the left hand side of Eq. (2.10b) is only the 

transverse component of the horizontal force Fh where F = Fh sin θ and θ is the 

inclination angle of the bender, and we have 

MHVCFBMA Mh ''sin'' ==++= αθα                        (2.12c) 

( )
MJFIxx

VFFEMD

hMFh

hp

''

sin'sin''sin

+=+=

++= θθθδ
                        (2.12d) 

These two equations have two unknowns M and Fh which are both a function of the 

applied voltage V. So, after solving these two equations simultaneously, we have an 

expression for the moment M as a function of applied voltage V, 
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The moment M and the horizontal force Fh occur at the bender-saddle junction are 

proportional to the applied voltage V and related to the geometric parameters and 

material properties of PiTAPaT. The deflection δP and rotation α of the bender after 

coupling to the saddle-like unit can thus be obtained by putting Eq. (2.13) back into 

Eq. (2.12). The free deflection of PiTAPaT, i.e., the vertical motion of the mounting 

sear can be obtained by summing the bender tip deflection and the rotation induced 

deflection of the mounting seat 

pSpT Z δδθδδ ⋅=+= cos .                                  (2.14) 

 

2.3.4.2  Blocked Force 

 

To find out the blocked force of PiTAPaT [19, 55], we have to set the 

voltage V to zero. We first calculate the stiffness of PiTAPaT by assuming the 

stiffness will not change with the applied loading. The blocked force can thus be 

found by 

TaB kF δ= .                                                   (2.15) 

Consider a force FB applied on the mounting seat as shown in Fig. 2.11. As 

the mounting seat is rigid and the flexible link is soft, we can approximate the 

loading condition on the right hand side of Fig. 2.11 to the one on the right hand side 
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where a load FB/2 is acted on the amplifying lever through the soft link. The loading 

on the tip of the amplifying lever is thus only a vertical force. 

                    

Fig. 2.11 Blocked force model of PiTAPaT. 

 

Assume the material used for the amplifying lever and the metal layer of 

the bender are the same. Separate the bender and the amplifying lever, the deflection 

of the amplifying lever tip is 
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where L1 is the amplifying lever length, E1 the elastic modulus of the substrate, I1 the 

moment of inertia of the amplifying lever, and, Ieq is the equivalent moment of inertia 

of the bender. 

The blocked force can thus be obtained by putting Eq. (2.14) into Eq. 

(2.16). Since the blocked force is a function of free displacement, and when a higher 

voltage is applied to the bender, a larger blocked force can be generated. 

 

2.3.5     Equation of PiTAPaT  
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The equation of PiTAPaT, by combining the bender and saddle-like unit 

parts is thus expressed as 
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The displacement is a function of voltage and force applied on the 

PiTAPaT. The free displacement can be found by setting FB equals to zero. Setting 

voltage to zero and substitute the free displacement can yield the blocked force. 

 

 

2.4         Results and Discussion 

 

The free displacement and blocked force of PiTAPaT are calculated using 

Eq. 2.16 and MATLAB®. The amplifying lever length L1 and the inclination angle θ 

are, among others, the most important parameters because they directly control the 

free displacement and blocked force of the PiTAPaT. It can be seen from Section 

2.22 and Eqs. (2.11) and (2.14) that the displacement output of PiTAPaT contains a 

proportional term of the amplifying lever length and from Eqs. (2.13), (2.14), and 

(2.16) the participation of inclination angle in the internal forces of the PiTAPaT. So, 

these two important parameters are numerically studied here. The effects of 

amplifying lever length on the free displacement and blocked force are evaluated 

from 0 to 30 mm in steps of 2.5 mm and the inclination angle from 15o to 75o in steps 
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of 5o. The material properties used for the numerical calculations are listed in Tables 

2.1 and 2.2, whilst the dimensions of PiTAPaT are shown in Fig. 2.12. The materials 

considered for the metal layers are common metallic materials having different 

Young’s Modulus while those piezoceramic materials considered in the calculation 

are PZT4 and PZT5 having similar Young’s Modulus but different piezoelectric d31 

constant. PZT4 is equivalent to Navy Type I for sonar application while PZT5 is 

equivalent to Navy Type VI for actuation application. Their mechanical properties 

are similar but the piezoelectric constant of PZT5 is larger. The calculations can thus 

eliminate the variation of the mechanical properties of individual piezoceramic patch 

and concentrate on its piezoelectric constant variations. The calculations were based 

on an electrical excitation at 200 V (i.e., 2 kV/cm) across a 1-mm thick PZT patch.  

 
Table 2.1 
Material properties of piezoceramic patch [56] 
  PZT4 (PZT4) PZT5 (PZT5) 
Piezoelectric constants, d31 pm/V -135 -207 
Young’s Modulus GPa 65 60 
Density kg/m3 7600 7750 

 
Table 2.2 
Material properties of metal layer [57] 
  Stainless steel 304 

(SS) 
Brass UNS C35000
(Cu) 

Aluminum alloy 
7075-T6 (Al) 

Elastic modulus GPa 190 105 72 
Poisson’s ratio  –  0.3 0.35 0.35 
Fatigue strength 
@ 500×106 
reversed stress 

MPa 550 – 158 

Yield strength MPa 270 435 500 
Density kg/m3 7930 8470 2800 
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Fig. 2.10. Dimensions of the half model used for numerical calculations. 

 

2.4.1    Effects of Materials Variations 

               

              From Eq. (2.7), the geometries of the piezoceramic patch and metal layer 

demonstrate significant participation to the actuation performance of the bender. As 

they usually share the same width and length to avoid stress concentration and for 

fabrication simplicity, the dimensions left for tuning performance are only the 

thickness ratio Rh (thickness of metal layer/thickness of piezoceramic patch (hm/hp)). 

By plotting Eq. (2.6) with different thickness ratio, we can determine the optimal 

output for actuation. 

Figures 2.13(a)–(c) show the actuation characteristics of the bender with 

piezoceramic patch thickness equal to 1 mm. Different materials combinations for 

the metal layer and piezoceramic patch are represented by the material codes listed in 
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(a) 

 

(b) 
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(c) 

 
Fig. 2.11 (a) Displacement output δP, (b) force output Ft, and (c) work index W 

(product of force and displacement output) versus thickness ratio (Rh) 
of bender for different material combinations of metal layer and 
piezoceramic patch.  

 

Tables 2.1 and 2.2, e.g., SS PZT5 represents stainless steel 304 metal layer and PZT5 

piezoceramic patch. From Figs. 2.13(a) and Fig. 2.13(b), it is seen that a metal layer 

with a higher elastic modulus like stainless steel gives larger force and displacement 

output than that with lower elastic modulus. Also, the use of piezoelectric material 

with larger d31 results in higher output. The displacement curve of stainless steel with 

PZT5 (SS304-PZT5) in Fig. 2.13(a) has a peak at hm = 0.3 mm while the curve of 

stainless steel with PZT4 (SS304-PZT4) with similar Young’s modulus but lower d31 

also peaks at the same position. This reflects that the optimal thickness ratio is 

independent of the piezoelectric constant d31. Figure 2.13(a) also shows that benders 

with different metal layers have displacement peaks at different positions. The softer 
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the metal layers, the lower the displacement peaks. This implies the importance of 

using stiff metal layer to maximize displacement. 

The force diagram in Fig. 2.13(b) shows monotonic increasing curves for 

all combinations of materials. Although the displacement curves show maximum 

values for different materials combinations, the force curves do not show a similar 

trend and are always smaller for a thinner metal layer. These two actuation output 

figures always behave opposite to each other for a thicker metal layer. Thus, we 

normally cannot make a decision on the performance output of a bender simply by 

looking at these two contradicting figures. We have to introduce a different quantity 

that can reflect these two quantities and evaluate performance of the bender.  

Work index, W, defined by the product of displacement and force outputs 

of the bender is thus used for the evaluation. If we consider the load line of the 

benders, this product will be actually a double of the area beneath the load line and 

quadruple the maximum work output of the bender. Thus, work index has an 

important physical meaning to reflect how much output power the bender can 

provide to drive an external entity, such as the saddle-like unit. In Fig. 2.13(c), the 

work index is plotted for different materials against the thickness ratio. Compared  

to the displacement curves in Fig. 2.13(a), the work index curves show similar 

outline but the peaks shift to the right due to the participation of the force term. Metal 

layers with higher elastic modulus (i.e., SS304) still contribute to the largest output 

power at hm = 0.97. From Figs. 2.13(a)–(c), it can be concluded that a high elastic 

modulus material like stainless steel should be used as the metal layer of the bender 

and a proper matching of the two constituent layers thickness should be applied in 



 
           2. Theoretical Design of PiTAPaT 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                        63

  

order to extract the maximum power output from the bender (thickness ratio, hm/hp = 

0.97). 

 

2.4.2     Effects of Geometric Variations 

 

The work index results of the bender in Fig. 2.13(c) discovered the optimal 

material combination is PZT5 and stainless steel. The geometric effects of the 

PiTAPaT  on free displacement δT, stiffness ka, and blocked force FB under this 

optimal material combination is examined in this section. The δT, ka, and FB meshes 

of PiTAPaT are plotted on a θ–L1 plane shown in Fig. 2.14.  

The mesh of δT in Fig. 2.14(a) is roughly a flat sheet inclined on the θ–L1 

plane. The δT mesh can be divided into four regions: namely, Region I (small θ, 

small L1), Region II (small θ, large L1), Region III (large θ, small L1), and Region IV 

(large θ, large L1). The δT is the largest in Region II and smallest in Region III while 

that in Region I and Region IV are nearly the same. It is clear from this mesh that the 

effects of the L1 and θ on the δT of PiTAPaT. At constant θ, the δT is directly 

proportional to the L1. Thus, the δT of PiTAPaT can be tuned directly by varying the 

L1 of the saddle-like unit of PiTAPaT throughout all value of θ. At constant L1, the δT 

does not vary linearly with the θ and this nonlinear behavior becomes more 

prominent at longer L1, but the δT generally decreases when the θ of the bender 

increases. 

 



 
           2. Theoretical Design of PiTAPaT 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                        64

  

(a)  

(b)  
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(c)  

Fig. 2.12 (a) Free displacement δT, (b) stiffness ka and (c) blocked force FB 
meshes of PiTAPaT based on physical model calculation. 
 

Different from the δT mesh, the FB mesh is still an inclined plane but the 

trend is just opposite to that of the δT mesh and a drastic increase in magnitude is 

shown in Region III. From Eq. (2.16), the FB is the product of PiTAPaT stiffness ka 

and free displacement δT. The ka mesh shown in Fig. 2.14(b) explained the origin of 

the drastic increase in Region III of the FB mesh. The ka rises when the θ is large and 

the L1 is short. This is normal to our perception as the two inclined benders become 

more likely to be two supporting columns when the θ increases. Also, the shorter L1 

helps in reducing the moment generated at the bender-saddle junction, resulting in a 

smaller total loading. The combination of the ka and the δT thus results in a FB mesh 

with a peak that is much larger than any points on the θ–L1 plane. Although the 
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variation of FB with L1 and θ is not as linear as that found in the δT plot, Regions I, II, 

IV still provide a relatively large stable region for tuning PiTAPaT’s FB. 

In summary, the effects of geometric characteristics, amplifying lever 

length L1 and inclination angle θ, on PiTAPaT outputs, free displacement δT, 

stiffness ka, and blocked force FB, are examined by using the physical model. Three 

characteristic types of basic PiTAPaT are obtained for the optimal stainless steel-

PZT5 combination: 

TYPE (A) the ones with large δT but small ka and FB (Region II). 

TYPE (B) the ones with large ka and FB but small δT (Region III). 

TYPE (C)  the ones with moderate performance (Region I and IV). 

By tuning these two geometric parameters, the most suitable output 

characteristics of PiTAPaT can be obtained for isolating vibration transmission. The 

more detailed output characteristics of PiTAPaT will be further investigated and 

verified in the finite element analysis and experiment characterization in Chapters 3 

and 4. 

 



 
            3. Computational Analysis using Finite Element Method  

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                     67

  

Chapter 3 
 
Computational Analysis using Finite Element 
Method 
 

 

 

3.1     Introduction 

 

While the physical model described in Chapter 2 is simple, it is useful to 

provide a basic design guide, especially in the early stage of design, for predicting 

the dependence of free displacement, stiffness, blocked force, and work output index 

on different combinations of geometric and material properties. Unfortunately, this 

model is incapable of giving detailed static and dynamic performance of the 

PiTAPaT due to the assumptions made in simplifying the complex 3-D device to a 2-

D model and neglecting frequency-dependent terms. By using a state-of-the-art 

computational technique, a finite element method (FEM), detailed static and dynamic 

characteristics of a complicated 3-D coupled-field structure, like the PiTAPaT, can 

be acquired to give insight into a design, which cannot be gained by physical 

modeling. 

In this Chapter, the basic idea and formulation of FEM starting from an 

electroelastic coupled-field (piezoelectric) element are reviewed. A commercial finite 

element software package, ANSYS®, is used to perform a batch of electroelastic 

coupled-field static and dynamic analyses on PiTAPaT having different geometric 

details. The computed results are compared with the theoretical predictions depicted 
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in Chapter 2, and the operational shapes in concept are verified by the simulated 

deformation shapes. Concluding remarks on design are generated for the fabrication 

of PiTAPaT prototypes in the next chapter. 

 

 

3.2        Finite Element Method 

3.2.1        General Idea of Finite Element Method 

 

The concept of finite element method (FEM) can be tracked back to 

ancient time when mathematicians estimated the circumference of a circle by using 

polygon. The name “finite element method” was presented in 1956 by Turner, 

Clough, Martin, and Topp for using simple finite elements to analyze aircraft 

structures [58]. The basic idea of FEM involves meshing a structure into many 

discrete pieces called elements. These elements are governed by their element 

equations which describe their physical behaviors. By connecting the elements 

together through their nodes (Fig. 3.1), a geometrically complex structure can be 

represented by a set of simultaneous algebraic equations that can be solved through a 

standard matrix manipulation method in a much simpler and standard manner. 

The significance of FEM is its flexibility and versatility in finding an 

approximate solution for a complicated structure. Although the derivation of the 

governing equations for most fundamental engineering or scientific problems like 

piezoelectricity is not difficult, the procedures required to give exact solutions for 

problems involving complex geometries and materials are often time consuming and 

not straight forward. By contrast, FEM, which approximates solution through 
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Fig. 3.1 A domain defined by the geometry on the left is discretised to form a FE 
model on the right (ANSYS®). 

 

transforming governing differential equations of a continuum to a set of algebraic 

equations of a discretized continuum becomes a more flexible and routine approach 

to handle these kinds of problems.  

The focus of FEM mainly lies on finding an approximated field equation 

over an element using the governing equation (i.e., how to approximate the exact 

solution). In fact, there are infinite number of polynomials that can satisfy the 

boundary conditions of an element. The best forms of the field equations are those 

that minimize some functions such as the potential energy (principle of minimum 

potential energy). This minimization process generates the stiffness matrix of a set of 

algebraic equations where the nodal displacements and nodal forces are related 

through the stiffness matrix. In this case, standard matrix manipulation method can 

be used to find the nodal displacements under different boundary conditions. The 

solution is only the approximation of reality, and convergence of solution is checked 
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for different mesh densities and field equations. To illustrate the formulation of FEM, 

electroelastic element is reviewed in the next section. 

 

3.2.2        Formulation of Electroelastic Coupled-Field Element  

 

In a coupled field analysis, the participation of the electric field in the 

problem makes the derivation of the stiffness matrix ][ *k  complicated due to the 

integration of force, displacement, voltage, and charge. In ANSYS®, the use of 

variational principles [60] in electroelasticity by Allik et al. [61] is followed to 

develop FE equations incorporating piezoelectric effect. Variational principles seek 

to find the path, curve, surface, etc., for which a given integral has a stationary value. 

Using variational principles and Eq. 2.2, the internal and external electrical and 

mechanical energies can be written in matrix notation as 

{ } [ ]{ } { } [ ]{ } { } [ ] { } { } [ ]{ } { } { } { } { }{ }
{ } { } { }{ }∫∫∫∫

∫∫∫
=+−+−

++−−−−

21

,0'
SS

T

V

TTTTTTT

QPudSdSTu

dVuuFuEESeEEeSScS

δφδδφσδ

σδφδρδεδδδδ &&

(3.1) 

where δ  is a virtual quantity, { }S  is the mechanical stain vector, [ ]c  is the stiffness 

matrix at constant electric field, [ ]e  is the piezoelectric matrix, { }u  is the 

displacement, { }F  is the body force, ρ is the mass density, φ is the electrical 

potential, σ  is the body charge, 'σ  is the surface charge,{ }T  is the surface traction, 

{ }P  is the point force, ρ  is the density, and Q is the point charge, V is the volume of 

the body, S1 is the part of the boundary where traction is prescribed, and S2 is the part 

of the boundary where charge is prescribed. 
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After the application of the variational principle and FE discretization, the 

following element equation results: 
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where [ ]M  is the structural mass matrix, [ ]C  is the structural damping matric, [ ]K  is 

the structural stiffness matrix, ][ dK  is the dielectric conductivity matrix, ][ zK  is the 

piezoelectric coupling matrix, { }F  is the structural load vector, { }L  is the electrical 

load vector,{ }V , { }V& , and { }V&&  are the nodal electrical potential vector and its first 

and second derivatives respectively, and { }u , { }u& ,and { }u&&  are the nodal electrical 

potential vector and its first and second derivatives respectively. 

Eq. (3.2) is the dynamic equation governing the response of the domain 

involving piezoelectric material. The stiffness matrix [ ]k  now involves the structural 

stiffness matrix [ ]K , piezoelectric coupling matrix ][ zK , and dielectric conductivity 

matrix ][ dK . In most of the engineering problems, the damping term [ ]C  is 

considered to be very small such that it is neglected in the analysis. Thus Eq. (3.2) is 

reduced to 
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For static analysis, the time-dependent terms { }u&&  and { }V&&  in Eq. (3.3) are 

set to zero, giving  
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By substituting the boundary conditions to Eq. (3.4), the static solution is obtained by 

solving Eq. (3.4) at equilibrium. 

For modal analysis, the modal frequency and mode shape are response of 

the domain regardless of the form and location of the excitations. By setting the loads 

{ }F  and { }L  in Eq. (3.3) to zero, we have 
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Eq. (3.5) can be reduced to the form of a standard eigenvalue problem as follows: 

[ ] [ ]( ){ } { }02* =− umk ω ,                                         (3.6) 

where ][ *k  is the condensed electroelastic stiffness matrix, 2ω  is the eigenvalue of 

the equation, and [ ]m  is the mass matrix. If the stiffness matrix ][ *k  is of the order j, 

the eigenvalues can be obtained by solving the determinant 

 [ ] [ ] 02* =− mk ω .                                             (3.7) 

A polynomial of order j with j roots, 2
1ω , 2

2ω , .. , 2
jω , is obtained. These 

roots are actually the square of the modal frequencies, representing the frequencies of 

various natural modes. The corresponding mode shape at a particular modal 

frequency 2
jω  is obtained by substituting the jth eigenvalue back to Eq. (3.6) and 
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determining the corresponding eigenvector. Since symmetric sparse matrix (matrix 

with many zero elements) is usually involved in this kind of eigenvalue problem, the 

Block Lanczos method [62] is used in ANSYS® as the solver for finding the 

eigenvalues and the corresponding eigenvectors. This solver employs Lanczos 

algorithm where the Lanczos recursion is performed with a block of Lanczos vectors. 

The Lanczos algorithm computes a smaller n x n symmetric tridiagonal matrix where 

( jn < ), whose eigenvalues and eigenvectors are good approximations of those of Eq. 

(3.6). Through this approximation, computation cost is saved by solving an 

eigenvalue problem of smaller size. Moreover, it can handle complicated finite 

element models which even consist of poorly shaped elements and works faster than 

other methods like the subspace method that it is important for analyzing the current 

batch of problems. 

In piezoelectric modal analysis, the resonance frequency fr and anti-

resonance frequency fa of a natural mode can be determined by the short-circuited 

and open-circuited conditions respectively. The effective electromechanical coupling 

coefficient effk , which reflects the contribution of a particular mode to the overall 

performance of the device, can be obtained using 

2

1 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

a

r
eff f

fk .                                               (3.8) 
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3.3  Finite Element Model of PiTAPaT 

 

In a typical FE static or dynamic analysis, the following steps are involved 

to give the final solutions for the analysis: [63, 64] 

Step (1): Build geometric model 

The model is outlined. The volume is discretized to form geometrically 

simple elements (Fig. 3.1). At the corner of each element, there is a node 

which represents the degree of freedom (displacement/voltage) of the 

element. Next, the element equation over the element is developed using 

the governing equations of the problem (e.g., structural, thermal or fluid) 

and the element equations are assembled to form the global equations.  

Step (2): Assign material properties 

Material properties of the parts of the model are assigned so that the model 

can respond to loads and boundary conditions in the right manner. 

Step (3): Apply loads and boundary conditions 

Boundary conditions (e.g., initial deflection or ambient temperature) are 

applied to the nodes and the loads on the domain. 

Step (4): Obtain solutions  

Depending on the analysis type, solutions are obtained after solving the 

algebraic equations of the domain under the specified boundary conditions 

and loads. 

Step (5): Review and analyze the results  
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The nodal solutions are reviewed to check whether the solution makes 

sense. Other induced solutions like stresses are obtained using the nodal 

solution. 

In the FE analysis of PiTAPaT, the same steps mentioned above are 

followed. It has been concluded in Chapter 2 that high elastic modulus stainless steel 

304 and large d31 PZT5 are the best material combination to be used for the metal 

layer and piezoceramic patch, respectively, in benders. This material combination is 

the most favorable to contribute high power output (Section 2.4.1). The analysis here 

thus eliminates the material variations and concentrates on the geometric variations 

on the static and dynamic characteristics of PiTAPaT. L1 and θ mentioned in Chapter 

2 are the two critical geometric parameters that directly control the stiffness ka and 

free displacement δT of PiTAPaT. The geometric model involved in the present 

analysis thus covers only the variations of L1 and θ, ranging from 0 to 30 mm and 15o 

to 75o in steps of 2.5 mm and 7.5o, respectively. Figure 3.2 shows the variables (i.e., 

L1 and θ) and fixed dimensions of the geometric model used in the analysis. 

 
All dimensions are in mm 

 
Fig. 3.2  The geometric model of PiTAPaT shows the geometric variances L1 and  

θ and other invariances. 



 
            3. Computational Analysis using Finite Element Method  

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                     76

  

In order to conduct the analysis using ANSYS® version 8.0 (ANSYS, Inc. 

Pennsylvania, U.S.A), a geometric model of PiTAPaT is built to define the domain 

and material properties of PiTAPaT. The epoxy layer between the piezoceramic 

patch and metal layer is neglected in the analysis and also in the geometric model 

because its thickness (<70 µm) is thin as compared with that of the piezoceramic 

patch and metal layer. Thus, the bonding between the piezoceramic patch and the 

metal layer is assumed to be perfect, and the assumption is the same as that made in 

the theoretical model in Chapter 2.  

Since the geometric model of PiTAPaT is rather complicated, a 

commercial computer aided design (CAD) software, Solid Works® 2004 (Solid 

Works Corporation), is used to construct the 3-D geometric models in parasolid 

format for Solid Works –ANSYS® graphics interchange. It is noted that half of the 

geometric model using the symmetry along the cross-section of the mounting seat as 

shown in Fig. 3.3(a) is imported for analysis instead of a full model shown in Fig. 

3.3(b). In this case, the number of elements used for meshing can be reduced by half 

so as to save computation time for each analysis having different geometric 

configuration.     

The volumes of the parasolid model imported into the ANSYS® are glued 

together to make the model one piece for further analyses. A typical model, which 

consists of four volumes, one for the piezoelectric patch and three for the substrate, 

can be identified in Fig. 3.3(a). The volumes of the substrate are intended to separate 

into three pieces so that the topologies of each volume of the device can be map-

meshed or sweep-meshed later to retain the geometric characteristics of PiTAPaT. 
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(a)  

(b)  

Fig. 3.3 The half model (a) used to build a FE model from the symmetry of the 
full model (b). 
 

After building the geometric model, the material properties are assigned 

before meshing. Linear and isotropic material properties are assumed in the analysis 

for the metal frame and linear and anisotropic material properties are assumed for the 

piezo-patch. The material properties of Tables 2.1 and 2.2  used in the analysis are 

the same as that used in the theoretical analysis in Chapter 2. However, several 

additional material properties like 15d , Es44  and Es66  necessary for the piezoelectric 

analysis in the ANSYS® has not been provided by Institute of Acoustics, CAS so 
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those parameters from Morgan Matroc are employed. As one of the major surfaces of 

the piezoceramic patch is free, these shear related material properties do not have 

significant participation in the longitudinal 31d  operation mode of PiTAPaT. Table 

3.1 lists the material properties used in the analysis. Since the polarization direction 

of the piezoceramic patch is inclined to the horizontal of global coordinates, local 

coordinates, indicated as coordinates 11 in Fig. 3.4(a) on the piezoceramic patch are 

defined in order to obtain proper piezoelectric response. 

 

Table 3.1 
Material properties of PZT5 patch [56] 
Piezoelectric constants d31 (pm/V) -207 
 d33 (pm/V) 437 
 d15 (pm/V) 584 
Elastic constants sE

11 (p(m2/N)) 16.4 
 sE

13 (p(m2/N)) -7.2 
 sE

33 (p(m2/N)) 18.8 
 sE

44 (p(m2/N)) 47.5 
 sE

66 (p(m2/N)) 44.3 
Permittivity εT

33 (pC2/Nm2) 1500 
Density ρ (kg/m3) 7750 

 
Material properties of stainless steel [57] 
Elastic modulus E (GPa) 190 
Poisson’s ratio Ν 0.3 
Yield strength Y (MPa) 270 
Density ρ (kg/m3) 7930 
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(a) Half Model 

 

(b) Full Model 

Fig. 3.4   FE model for piezoelectric static and dynamic analyses of PiTAPaT. 

 

In order to evaluate the sensitivity of the model deformation to mesh 

density and elements, different mesh densities and elements are studied. The mesh is 

generated by sweeping and it is found that the deflection of the mounting seat under 

a 1-N test load and also a 200-V electrical excitation across the piezoceramic patch 

both start to converge to within 1% when the element sizes of the mesh of the bender 
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and flexural link decreased from 5 to 1.25 mm long and 2 to 1 mm long, respectively. 

However, the bender and flexural link elements of 5 mm and 2 mm are too course 

and facets show up when PiTAPaT deforms. These facets hinder visual inspection of 

the deformation detail and thus the bender and the flexural link are finally meshed 

with element sizes of 1.25 mm and 1 mm, respectively. SOLID5 (Fig. 3.5) and 

SOLID226 elements are also tested for the mesh and the difference in terms of 

deflections upon the loadings are also within 1%. So, simpler linear coupled-field 

element SOLID5 is used instead of the quadratic element SOLID226 to reduce 

computation time.  

 
 

Fig. 3.5 ANSYS® SOLID5 brick element used in 3-D FE analysis. This element 
has eight nodes with up to 6 degrees of freedom at each node. 
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3.4         Static Analysis 

 

Two key parameters, free displacement δT and stiffness ka, mentioned in 

Chapter 2 are required to deduce the overall performance of PiTAPaT through 

coupled-field static analysis. The boundary conditions and the outputs used for 

deriving these two parameters are described in the following sections. 

 

3.4.1       Free Displacement 

 

The free displacement δT is the displacement of the mounting seat of 

PiTAPaT under an electrical excitation without any load applied at the mounting seat. 

As the displacement is very small, deformation can be assumed to be linearly 

proportional to the electrical potential applied to the piezoceramic patch. Figure 3.6 

shows the boundary conditions applied in performing coupled field static analysis. 

To demonstrate real mounting conditions, the end of the slanting legs is fixed while 

the mid-plane of the mounting seat is set to be symmetric. An electrical potential of 

200 V is applied across the piezoceramic patch and the displacements along the line 

on the symmetry plane and normal to the mounting surface are recorded and the 

average is used as the displacement output of PiTAPaT. A test run with electrical 

potential of up to 1000 V in steps of 200 V is conducted to verify the linearity 

between the displacement output and electrical potential using model with L1 = 30 

mm and θ= 15o as the test model. The displacement output is very linear and only 

200 V is applied to extract the displacement output to electrical potential ratio for all 

configurations. 
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Fig. 3.6 Fixed and symmetric boundary conditions are applied to the FE model.   
The displacement output under an electrical excitation of 200 V across  
the piezoceramic patch is obtained. 

 

 

3.4.2       Stiffness 

 

The stiffness ka of PiTAPaT is the rates of displacement of the mounting 

seat to the load applied on the mounting surface of the mounting seat. The end of the 

slanting leg is fixed and the mid-plane of the mounting seat is symmetric, the same 

as the boundary conditions applied in determination of δT. The piezoceramic patch is 

free from electrical load to eliminate any contribution from piezoelectricity. A 

surface load equivalent to 1 N (Fig. 3.7) is applied on the mounting surface and the 

corresponding displacements along the line of the mid-plane of the mounting seat 

and normal to the mounting surface is recorded and the average is used as the 

deflection due to the load. The inverse of the deflection is thus the stiffness of 
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PiTAPaT. To ensure linearity, a test run with loads up to 10 N in steps of 1 N is 

conducted to verify the linearity between the deflection and the load using model 

with L1 = 30 mm and θ= 15o as the test model. The deflection is linear and only 1 N 

is applied to determine the stiffness for all configurations. 

 

Fig. 3.7 Fixed and symmetric boundary conditions are applied to the FE model.  
The displacement output under a pressure equivalent to 1 N is obtained. 
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3.5         Dynamic Analysis 

 

The dynamic analysis here refers to modal analysis. The target of modal 

analysis is to find out the information about natural modes of a structure which are 

represented by the modal frequencies and mode shapes. Also, by determining the 

resonance and anti-resonance frequencies, the effective electromechanical coupling 

coefficient (keff) can be derived using Eq. (3.8). The modal frequency determines the 

particular frequency that a corresponding mode shape resonates. The vibration shape 

of the structure at a frequency other than a resonance frequency is the superposition 

of all weighed mode shapes. Modal analysis only determines the natural modes of a 

structure regardless the location and magnitude of excitation. The mode shape 

determined in modal analysis is a dimensionless shape which provides relative nodal 

displacements of the structure.  

As discussed in section 3.2.2, the determination of modal frequencies and 

mode shapes requires setting the load vectors in Eq. (3.3) to zero and similar process 

is done in the modal analysis in ANSYS®. Only boundary conditions of the structure 

are required in modal analysis and static loading is not applied to the model. The 

modal frequencies and mode shapes are computed up to 3 kHz which is high enough 

for a mechanical structure of such small size. To determine the natural frequencies 

under the short-circuit condition, the surfaces of the piezoceramic patch are grounded 

by setting them to zero volts. However, to determine the natural frequencies under 

open-circuit condition, only one of the surfaces of the piezoceramic patch is 

grounded. The effective electromechnical coupling factor is then determined for each 

mode using these two results. 
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 Block Lanczos Method is used to handle the complicated FE model with 

potential poorly shaped elements. The modal frequencies and mode shapes are 

recorded and Fig. 3.8 shows the FE model used in modal analysis in ANSYS®. 

 

 

Fig. 3.8 Fixed and symmetric boundary conditions are applied to the FE model 
in modal analysis. 
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3.6         Results and Discussion 

3.6.1         Static Analysis Results 

3.6.1.1      Free Displacement 

 

The analysis is performed with the two variables, amplifying lever length 

L1 and inclination angle θ ranging from 0 to 30 mm and 15o to 75o, respectively. 

Since there are total 13 × 9 = 117 configurations, the analysis, the same as that in 

Chapter 2, for ease of comparison, is divided into 4 regions: Region I (small θ, small 

L1), Region II (small θ, large L1), Region III (large θ, small L1), and Region IV (large 

θ, large L1). As there are still 24 configurations in each of the region, only the four 

models at the four corners of the θ-L1 plane are discussed here.  

Figure 3.9 shows the typical normal deflection of PiTAPaT at distance 

away from the clamped end. It indicates the effects of the presence of amplifying 

lever on the total displacement at the mounting seat. Comparing the normal 

displacement curves of θ = 15o and L1 = 0 mm (abbreviated as Model 1500) and θ = 

75o and L1 = 0 mm (abbreviated as Model 7500), a smaller θ device deflects more 

than that with larger θ. This is attributed to the smaller stiffness of the trapezoidal 

structure having smaller θ as depicted in the theoretical model in Chapter 2.  

The effect of the amplifying lever on the displacement output modification 

of the PiTAPaT can be identified by the extended lines of curves Model 1530 and 

Model 7530 in Fig. 3.9. Comparing curves Model 1530 to Model 1500 and curve 

Model 7530 to Model 7500, the deflection of the extended part is linear and tangent 

to the end of the bender. It has been assumed in Chapter 2 that the amplifying  
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the surface 
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Fig. 3.9 Deflection of PiTAPaT along the distance from the clamped end. 

 

lever behaves as a rigid body and rotates itself when the bender deforms and from 

Fig. 3.9, this assumption is validated by the finite element simulation. Figure 3.10 

shows the simulated deformed shapes of the expanded half models and the four 

PiTAPaT having different configurations all share the same operation principle. It 

can be seen that the deflection at the mounting seat of PiTAPaT is the combination of 

bender deflection and rotation-induced deflection of the saddle-like unit. The saddle-

like unit converts the tip rotation of the benders to deflection of the mounting seat 

through the amplifying lever. The deformation shape of the PiTAPaT also reveals the 

role of flexural links in relieving the constraints at the four corners of the structure. 

The flexural links allows bending and translation flexibility for actuation where a 

pure translation of the mounting seat normal to the mounting surface results.  
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Fig. 3.10 Deformation shape of PiTAPaT under an electrical excitation of 200 V. 
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Figure 3.11 also shows the von Mises stress contour when PiTAPaT is 

excited up to 200V. Since the flexural link is a thin strip of metal, it is highly 

possible that stress concentration occurs at the junctions of the flexural links. A 

maximum von Mises stress of 16 MPa is found along the junction connecting the 

flexural link and the mounting seat among different configurations. Comparing to the 

fatigue strength of the metal substrate, which is 550 MPa, the stress level at the 

flexural link is well below the fatigue limit that PiTAPaT can operate cyclically 

without failure. Thus, the flexural link can actually be made thinner than 0.25 mm to 

release more constraint. Due to the thermal and vibration problems during machining, 

however, it is difficult to machine a strip thinner than 0.25 mm together with the 

whole structure. A 0.25-mm thick flexural link is thus finally chosen. The stress 

contour also reveals the stress build up at the interface between the piezoceramic 

patch and metal layer, indicating the strain field induced on the metal layer to create 

motion. 
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Fig. 3.11 Von Mises stress distribution on PiTAPaT under 200 V excitation. 
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3.6.1.2     Stiffness 

 

As mentioned in Section 3.5.1.1, the displacement of the mounting seat 

under a test load of 1 N is recorded and the inverse is used to determine the stiffness 

of PiTAPaT. The deformation shapes of the four extremes are shown in Fig. 3.11. As 

the amplifying lever is considered a rigid body, the contribution from the amplifying 

lever deformation is negligible and the deformation is mainly the contribution from 

the bender. This is a very crucial configuration as the stress can be concentrated on 

the piezoceramic patch such that when the PiTAPaT is in sensing mode, it can give 

larger signal output without using external amplifier. To better illustrate the stiffness 

results, Fig. 3.12 shows the stiffness meshed together with free displacement, 

blocked force and work output index for a more comprehensive discussion. 
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Fig. 3.12 Deformation shape of PiTAPaT under 1 N static load. 
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The analysis results of δT, ka and FB of the PiTAPaT under the variable 

amplifying lever length L1 and inclination angle θ are plotted as meshes in Figs. 3.13, 

together with the work output index W ( 2
TaTB kF δδ == ). They reveal the 

influences of both L1 and θ on the performance characteristics of PiTAPaT. The 

meshes of Figs. 3.13 can be divided again into four regions, the same as the ones in 

Fig. 2.14. In Fig. 3.13(a), the δT mesh is basically a flat plate inclined on theθ-L1 

plane where the δT is the largest in Region II and the smallest in Region III. The 

magnitude is similar and distributed almost symmetrically along the diagonal 

Regions I and IV. Different from the δT mesh, the FB mesh, which is the product of 

stiffness and free displacement, i.e., ka and δT, displays a drastic increase in Region 

III in such a way that the FB is almost four times larger than that of Region II. The 

magnitudes of these two meshes are opposite to each other such that a configuration 

with large force will result in a small displacement. 

It is worth noting that the δT mesh is flat when compared to the FB mesh in 

Fig. 3.13(c) and the relationships between δT, θ, and L1 are almost linear in the 

analysis. It has been mentioned in Eq. (2.14) that the displacement of the mounting 

seat can be approximated as the sum of the deflection of benders and rotation-

induced displacement of the saddle-like unit, i.e., αθδδ 1cos LPT += . The first term 

describes the bender deformation due to the deflection δp and the inclination angle θ, 

while the second term describes the deflection compensation due to the saddle-like 

unit which is the product of the length of the amplifying lever L1 and the tip rotation 

of the bender α. From the displacement mesh of PiTAPaT shown in Fig. 3.13(a), the 
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contribution of each term can be examined if we set L1 = 0, from which Eq. (2.14) 

can be simplified as  

θδδ cosPT = .                                                    (3.9) 

Eq. (3.9) corresponds to the vertical plane L1 = 0 in Fig. 3.13(a). The intercept of the 

δT mesh on the plane L1 = 0 is almost a straight line, implying that δP in Eq. (2.13) is 

not a constant, but a function of θ. If θ is large, i.e., θ = 75o, the second term 

dominates the deflection of PiTAPaT and can be described by 

αδ 1LT ≈ ,                                                      (3.10) 

which is proportional to L1. Again, the intercept of the δT mesh on the plane θ = 75o 

is almost a straight line, implying the tip rotation and amplifying lever length are 

independent of each other. 

 

The stiffness mesh in Fig. 3.13(c) is very different from δT mesh and a 

drastic change is found in Region III. This inverse cosine function in the stiffness 

equation Eq. (2.16) where larger θ will result in smaller cosine function and the 

inverse of cosine function contributes to the drastic increase in stiffness. This effect 

is also added to the FB mesh in Fig. 3.13(b) in that Region III also has a peak. 

However, the increase is not as drastic as the ka mesh due to the participation of δT 

term as shown in Eq. (2.16).  

Fig. 3.13(d) shows the W mesh which is a complex contribution of FB and 

δT under geometrical changes. The magnitude distribution is similar to the δT mesh 

except that the surface is wavier. The peak is located at (15, 15) and there is a drastic 

decrease in magnitude in Region III. This region corresponds to a large θ and a small 

L1. This drastic decrease in magnitude is attributed to the high θ which makes the 
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displacement contribution of benders in the vertical direction less significant and the 

power transfer from piezoelectric patch to useable work is the minimum. The 

distribution of the mesh also implies that the W output is a displacement dominant 

term.  

Comparing the computational results by ANSYS® and theoretical results 

using a physical modal, the free displacements quotient Qδ and stiffness quotients Qk 

(theoretical results/ANSYS® results) are plotted in Fig. 3.13(e) and 3.13(f). The free 

displacement prediction matches the theoretical prediction fairly well and the 

quotients are around unity. It is best to predict free displacement in the low θ region. 

The stiffness deviation from simulation model is larger than the displacement one 

and it works well only in the large θand small L1 region. 

(a)  
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(b)  

(c)  
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(d)  
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(e)   

(f)    
 

Fig. 3.13 (a) Free displacement (δT), (b) stiffness (ka), (c) blocked force (FB) and 
(d) work output index (W) of the under different geometric variance. 
(e) free displacement quotient (Qδ) and (f) stiffness quotient (Qk) 
between ANSYS® and theoretical results.  
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3.6.2        Dynamic Analysis Results 

 

From 0 to 3 kHz, there are at most four natural modes. For the PiTAPaT 

configuration with higher stiffness, there are only two natural modes at most and 

their resonance frequencies fr, anti-resonance frequencies fa and effective 

electromechanical coupling factors keff are listed in Table 3.2 below. Higher modal 

frequencies occur when the θ is larger and L1 shorter. This behavior not only applies 

to the first mode (i.e., bending mode in Fig. 3.14), but also extends to the second 

mode (i.e., twisting mode in Fig. 3.15). This is attributed to the higher stiffness 

gained by configuration with large θ and short L1 as depicted in the ka mesh in 

Section 3.5.1  

 

Table 3.2 Resonance frequencies, anti-resonance frequencies and effective 
electromechanical coupling coefficients of PiTAPaT with different 
configurations. 

 
Mode 1   θ (o)   

(Bending) 

fr/fa 

[keff] 15 30 45 60 75 

 
30 

145/149 

[0.225] 

153/157 

[0.214] 

185/189 

[0.203] 

217/221 

[0.191] 

227/231 

[0.178] 

 
25 

182/187 

[0.233] 

192/196 

[0.213] 

220/224 

[0.191] 

265/269 

[0.180] 

290/294 

[0.170] 

 
20 

231/238 

[0.240] 

247/253 

[0.211] 

286/291 

[0.178] 

342/347 

[0.169] 

378/383 

[0.161] 

L1 (mm) 
15 

300/310 

[0.247] 

327/334 

[0.210] 

382/387 

[0.163] 

445/451 

[0.158] 

458/463 

[0.152] 

 
10 

393/406 

[0.248] 

439/450 

[0.222] 

515/524 

[0.181] 

607/615 

[0.163] 

693/700 

[0.142] 
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5 

504/520 

[0.248] 

567/583 

[0.233] 

677/690 

[0.197] 

803/814 

[0.167] 

948/956 

[0.132] 

 
0 

575/589 

[0.272] 

652/672 

[0.244] 

801/819 

[0.211] 

937/951 

[0.172] 

1028/1036 

[0.120] 

 

 

Mode 2   θ (o)   

(Twisting) 

fr/fa 

[keff] 15 30 45 60 75 

 30 

847/850 

[0.089] 

619/622 

[0.090] 

514/516 

[0.090] 

440/442 

[0.090] 

391/393 

[0.091] 

 25 

984/988 

[0.085] 

772/775 

[0.086] 

636/638 

[0.087] 

587/589 

[0.091] 

526/528 

[0.095] 

 20 

1141/1145

[0.082] 

957/960 

[0.083] 

833/836 

[0.084] 

790/793 

[0.091] 

732/736 

[0.098] 

L1 (mm) 15 

1320/1324

[0.077] 

1185/1189

[0.079] 

1100/1104

[0.081] 

1063/1068

[0.092] 

1027/1032 

[0.102] 

 10 

1503/1507

[0.074] 

1439/1445

[0.088] 

1428/1434

[0.090] 

1462/1469

[0.098] 

1541/1550 

[0.105] 

 5 

1655/1659

[0.069] 

1670/1678

[0.095] 

1760/1769

[0.098] 

1926/1936

[0.103] 

2240/2253 

[0.108] 

 0 

1923/1933

[0.099] 

2047/2058

[0.103] 

2294/2307

[0.106] 

2791/2808

[0.109] 

2848/2866 

[0.112] 
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Fig. 3.14 The first natural mode shapes of PiTAPaT: Bending mode.  
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Fig. 3.15 The second mode shapes of PiTAPaT: Twisting mode. 
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The first natural mode shapes shown in Fig. 3.14 indicate an interesting 

phenomenon that all the mode shapes correspond to bending of the benders while the 

second mode shapes shown in Fig. 3.15 are all correspond to twisting of the bender. 

This means that the effect of θ and L1 on the mode shapes are not only a modification 

to the first mode but also extend to the second mode. In practice, it is desirable to 

have the bending mode as the first mode for PiTAPaT. As discussed in Section 3.5 

any vibration modes at frequencies other than the natural frequencies are the 

weighted superposition of the natural modes; the deformed shapes of PiTAPaT will 

have higher participation of the first mode if it is operated at frequencies from d.c. to 

the first resonance. The deformed shape of PiTAPaT at an excitation frequency 

below the first resonance corresponds to the bending of the bender rather than 

twisting of the bender. The excitation of PiTAPaT by the piezoceramic patch is 

easier due to the higher degree of bending at the bender and the free displacement at 

the mounting seat is eventually a pure translation normal to the mounting seat (Fig. 

3.14) without much twisting (Fig. 3.15). This dynamic behavior is thus very 

desirable in operation and the first modal frequency of below 250 Hz guarantees low 

stiffness and good isolation properties when the PiTAPaT is used as a passive 

vibration isolation device. 

As modal analysis results only reflect the natural response of PiTAPaT 

regardless of where and how the excitations are. It is thus important to understand 

how effective one particular mode is excited by looking at the effective 

electromechanical coupling coefficient keff. Table 3.2 also summarizes effk  of the 

bending and twisting modes of Pitpat calculated using Eq. (3.8) under different 
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configurations. The effk  of mode 1 ranges from 0.272 to 0.120 while that of mode 2 

ranges from 0.069 to 0.112.  

For mode 1, effk  increases with decreasing θ. This is attributed to increased 

conversion of bender output to the PiTAPaT output at low θ rather than strain energy 

of the flexural link at high θ. At low θ region (i.e., θ < 45o), effk  increases with 

decreasing L1. This trend flips at θ = 45o and at high θ region (i.e., θ > 45o), effk  

increases with increasing L1. For mode 2,  effk  range is 3.5 times less than that of 

mode 1. This reflects the conversion of piezoelectric bender output to this mode 

shape is weak.  

Fig. 3.16 shows the performance map of PiTAPaT. Three characteristic 

types of basic PiTAPaT are obtained:  

TYPE (A): the ones with large δT but small ka and FB (Region II). 

TYPE (B): the ones with large ka and FB but small δT (Region III). 

TYPE (C): the ones with moderate performance (Region I and IV).  

TYPE (A), which favors large displacement and work output, corresponds 

to small θ and long L1 located at the upper left corner of the performance map while 

TYPE (B), which favors large force, corresponds to PiTAPaT with large θ and short 

L1 located at the lower right corner. TYPE (C) is the ones with moderate 

displacement, force and power located along the diagonal cutting Region I and IV. 

The developed saddle like amplifying mechanism contains a lot of room 

for tuning. Since large output and good isolation are required for the PiTAPaT, the 

configuration in Region II, having high displacement, high power output and low 

stiffness is the targeted configuration for fabrication. 
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Fig. 3.16 Performance map of PiTAPaT characteristics distribution. 
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Chapter 4 
 
Fabrication and Evaluation of PiTAPaT 
 

 

 

4.1        Introduction 

 

The theoretical and computational designs of PiTAPaT have been 

performed in Chapters 2 and 3, respectively. Three characteristic types of basic 

PiTAPaT have been identified under different geometric variations. These include: 

TYPE (A) the one with large displacement but small stiffness and force; TYPE (B) 

the ones with large stiffness and force but small displacement; and TYPE (C) the 

ones with moderate performance. The designs also reveal that stainless steel 304 and 

PZT5 are the best materials combination for maximizing the power output of 

PiTAPaT. 

Nevertheless, the performance of a practical PiTAPaT depends heavily on 

the fabrication techniques and the actual working conditions (i.e., boundary 

conditions and mounting methods). Since the saddle-like unit involves a flexural 

beam of only 0.25 mm thick, special design and machining of the saddle-like unit are 

deemed necessary to acquire the required geometry. The preparation and connection 

of the benders to the saddle-like unit are also critical to the performance of PiTAPaT. 

Moreover, the designated deformations of PiTAPaT are obtained only when the 

boundary conditions and assembly are well controlled in the design. 
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In this chapter, the three characteristic types of PiTAPaT in Chapters 2 and 

3 are fabricated to verify the design and geometric effects on output performance. 

Design considerations involved to fabricate the saddle-like unit and benders as well 

as the techniques to control the boundary conditions are discussed. The fabricated 

PiTAPaT are evaluated by measuring their actuation, sensing, and passive isolation 

performance for comparison. 

 

 

4.2        Fabrication of PiTAPaT‘s 

4.2.1       Preparation 

  
There are five major parts that should be prepared before the assembly of a 

PiTAPaT. Figure 4.1 shows the parts included and the following described the 

necessary preparation for each of the five parts. 

Mounting block 

Mounting seat 

PZT5 patch 

Slanting leg, amplifying lever, 
and flexural link 

Bender 

Fig. 4.1 Assembly diagram of PiTAPaT. 
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(1)           Piezoelectric Patches 

PZT5 piezoceramic patches supplied by Institute of Acoustics, Chinese 

Academy of Sciences (CAS) were used. These patches have dimensions 50×20×1 

mm3. The patches have a wrapped around negative electrode so that a 3 mm long 

negative electrode is on the same side as the 44.5 mm long positive electrode with a 

2.5 mm gap between them (Fig. 4.2). This configuration can eliminate the use of a 

thin copper electrode layer between the patch and the metal layer as in other designs. 

The strain transfer loss is also reduced with less interfacing layers. Wiring the PZT5 

to an external voltage supply also becomes easier as the electrodes are on the same 

side. However, part of the PZT5 patch assigned to negative electrode reduces the 

effective volume that can strain upon electrical excitation. The PZT5 patch was 

short-circuited before being cut using a BUEHLER ISOMET 4000 linear precision 

saw equipped with a BUEHLER diamond wafering blade of diameter 152 mm and 

thickness 0.5 mm coated with series 15 LC diamond. The speed and feed rate used in 

the cutting process were, respectively, 3000 rpm and 2.5 mm/min to acquire a patch 

length of 45.5 mm and an effective volume of 40×20×1 mm3. Coolant was applied 

during cutting to avoid thermal-induced depolarization of the PZT5 patch. Thereafter, 

the patch was solvent-cleaned and dried for 2 days. The d33 piezoelectric constant of 

the patch was measured using a Piezo d33 meter (Model ZJ-3D, Institute of Acoustics, 

Academia Sinica) to ensure no changes in the piezoelectric properties after the 

cutting process.  
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Fig. 4.2 Dimensions of the piezoelectric patch for fabrication of PiTAPaT. 
   

(2)           Slanting Legs, Amplifying Lever, and Flexural Link 

Figure 4.3 shows the engineering drawing for the fabrication of the 

slanting legs, amplifying lever, and flexural link of PiTAPaT. Since PiTAPaT 

involves thin flexural links of 0.25 mm, wire-cutting is a necessary process to 

machine such a thin link on a stainless steel 304 block. The cutting started at the 

flexural link first rather than the slanting leg in order to avoid the effect of thermal 

distortion on the geometry of the flexural link. Only these parts, but not the whole 

metal frame of PiTAPaT, are fabricated using wire cutting for better control of the 

geometry under thermal distortion. In this case, the PiTAPaT was separated and a 

better control on the assembly is deemed necessary for both performance reliability 

and repeatability. An extended block from the flexural link shown in Fig. 4.3 is 

designed to insert into the undercut on the mounting seat (to be discussed later) such 
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that the two slanting legs share the same reference after assembly. Holes of diameters 

2.2 mm and 3.2 mm were drilled at the corresponding locations marked on Fig. 4.3 

for mounting using M2 and M3 hexagonal socket head cap screws. The surfaces of 

the slanting legs for bonding PZT5 patch was polished using a wet-and-dry paper of 

1200 grade and then solvent cleaned after being wire-cut. 
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Fig. 4.3   Engineering drawing of slanting leg, amplifying lever, and flexural link. 
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(3)           Benders 

Figure 4.4 shows the process for bonding PZT5 patch on the stainless steel 

304 metal part as shown in Fig. 4.3. The PZT5 patch was first wired before bonding 

on the metal part. To provide good conductivity and mechanical durability, self-

fluxing polyurethane-coated solid copper wire (BS6811) was used to wire the 

piezoelectric patch. The 0.47 mm diameter wire has a single tinned copper core of 

diameter 0.25 mm. The maximum current rating of 2.5A allows the device to operate 

at resonance or at high frequency. The wire was bonded on the piezoelectric patch 

using silver loaded epoxy (RS) cured at room temperature for 24 hours. To ensure 

good joint reliability and prevent fatigue failure at the joint, an additional 3 mm 

section of the wire with thin polyurethane coating was also bonded on the 

piezoelectric patch using RS general purpose adhesive. The wires were short-

circuited to release charge accumulated during curing. The PZT5 patch was then 

epoxy-bonded on the metal part using RS high-strength epoxy with shear strength of 

34 MPa. This was a room-temperature curing epoxy which cured at room 

temperature (25oC) after 24 hours. The position of the patch was defined by securing 

one side of the patch on the metal part. Equal portions of resin and hardener of the 

epoxy were gently mixed together and a thin layer of epoxy was applied on the PZT5 

patch and the metal part. The patch was gently placed on the metal part and its 

position was secured strictly by clips. The whole setup was left to cure at room 

temperature for 2 days. Clips and short-circuit wire were removed after curing.  

 



 
               4. Fabrication and Evaluation of PiTAPaT 

               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                       113

  

 

Fig. 4.4 Bonding of PZT patch on stainless steel. 

 

(4)           Mounting Seat 

The mounting seat is a modular part for the PiTAPaT. Since it is not 

involved in the actuation of PiTAPaT, the simplest form of mounting seat can be a 

aluminum alloy (7075-T6) block which can be fabricated by milling (Fig. 4.5). The 

major functions of the mounting seat are to provide mounting reference for the 

slanting leg parts and coupling to external structure. The undercut with reference 

plane A was machined for proper assembly of the slanting leg parts and mounting 

seat part. Four M2 threaded holes were tapped on the two sides of the undercut and 

Shorted 

Stainless steel 304 metal part after 
being wire-cut was polished and 
solvent-cleaned before bonding 

Wires attached on PZT5 patch 
were short-circuited before 
bonding onto  the metal frame 

The PZT5 patch was secured by the 
clamps at room temperature for 2 
days after applying epoxy.  
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an M5 threaded hole was tapped on the top. Appropriate tolerances were introduced 

to assure good quality of machining and parallelism of the top surface and the 

reference plane A. 

 

Fig. 4.5 Engineering drawing of the mounting seat. 
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(5) Mounting Block 

Same as the mounting seat, the major functions of the mounting block are 

to provide proper mounting reference for the whole device and coupling to external 

structure. The same light weight 7075-T6 aluminum alloy was used for its fabrication. 

Reference plane B and C (Fig. 4.5) were machined for the assembly of the device 

onto the mounting block. Four M2 threaded holes were tapped on the two sides of 

the block and three holes of diameter 5.5 mm were distributed on the block. The 

steps at the center were machined to prevent collision of the mounting seat against 

the mounting block. These steps also acted as a stopper to prevent overloading. 

Appropriate tolerances were introduced to assure good quality of machining and 

perpendicularity among the reference planes. 
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Fig. 4.6 Part drawing 3 used to fabricate mounting block. 
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4.2.2       Assembly of PiTAPaT 

 

After the preparation of the parts described above, the PiTAPaT was 

assembled as shown in Fig. 4.7. The slanting leg, amplifying lever, and flexural link 

were first aligned to the reference plane of the mounting seat and assembled using 

M2 screws and washers. These screws were driven using a torque meter (Kanon 

100LTDK) to apply a preload of around 135 MPa. The assembled device was then 

short-circuited together before installation onto the mounting block using M3 screws. 

Again, the screws were driven using the torque meter to apply a preload of around 

135 MPa.  

In order to make a systematic comparison with the theoretical and 

computational prediction in the Chapters 2 and 3, three representative PiTAPaT’s 

from the three characteristic types are fabricated and the corresponding engineering 

drawings can be found in the Appendix. These PiTAPaT’s represent TYPE (A) large 

displacement (Model 1515), TYPE (B) large force (Model 7502), and TYPE (C) 

moderate performance (Model 1502) are shown in Fig. 4.7. 

TYPE (A) Model 1515  (a) 
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TYPE (B) Model 7502 (b) 

 

TYPE (C) Model 1502 (c) 

 

Fig. 4.7 (a)Large displacement, (b) large force, and (c) moderate performance 
PiTAPaT’s. 
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4.3        Evaluation of PiTAPaT’s 

4.3.1       Actuation 

4.3.1.1   Quasi-static Measurement 

 

The free displacement from actuation of PiTAPaT was determined by 

applying voltage to across the PZT5 patch and measuring the displacement at the 

mounting seat in the absence of external loading. The free displacement was sensed 

by a MTI 2000 fotonic sensor (Fig. 4.8) which is a non-contact fiber-optic 

displacement sensor with frequency response from dc to 130 kHz. The sensor 

incorporates a MTI 2062R probe of tip diameter 1.194 mm with resolution of 0.03 

µm and range 0.14 mm. The probe consists of a bundle of optical fibers arranged 

randomly as shown in Fig. 4.9. The displacement measurement is based on the 

interaction between the field of illumination of the transmitting fibers and the field of 

view of the receiving fibers such that when the target moves to and fro, the receiving 

fibers “see” the illumination as a function of probe-target gap as shown in Fig. 4.9. 

The measurement in this study used the high sensitivity Range 1 (26.279 µm/V) to 

measure the displacement. 

 

Fig. 4.8 MTI-2000 fotonic sensor for measuring displacement. 
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Fig. 4.9 Operating principle of the fotonic sensor. 
 

4.3.1.1.1  Displacement Distribution of PiTAPaT 

 

To verify the deformation shape of PiTAPaT, displacement normal to the 

surfaces were measured using the fotonic sensor. Figure 4.10 shows the experimental 

setup for the measurement where the sensor probe was inclined to measure the 

displacement normal to the surface of the device. The device was excited by a  
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Fig. 4.10 Experimental setup for measuring the voltage induced deformation of 
the devices. 

 

Tektronix AFG310 function generator where the 0.25 Hz triangular signal was 

amplified by a voltage amplifier (NF Electronic Instrument 4025). The peak voltage 

was 100 V and the displacements at different points were captured using a dynamic 

signal analyzer. The displacement profile measured was normalized to the largest 

displacement along the device surface and plotted together with the deformation 

shape computed by ANSYS® as shown in Fig. 4.11. 

The deformation shapes of Model 1502, 1515 and 7502 all agreed well 

with the computed values simulated by ANSYS®. These results showed that FEM 

was a valuable tool for predicting the response of device and the mounting blocks 

could successfully control the boundary conditions for the measuring free 

displacement.  

Dynamic Signal 
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Position from Center (mm) 

(a) Model 1502 

 

Position from Center (mm) 

(b) 
Model 1515 
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Position from Center (mm) 

(c) Model 7502 

 

Fig. 4.11 Deformation profile of (a)Model 1502, (b)1515 and (c)7502.  
 

 

4.3.1.1.2  Free Displacement at Different Voltages 

 

After confirming the deformation shape, the quasi-static free displacements 

at the center of the mounting seat were specifically measured under different 

voltages using the same setup and measurement parameters. Figure 4.12 shows the 

displacement waveforms and displacement-voltage functions of PiTAPaT’s. The 

displacement waveforms shown in Fig. 4.12 (a), (c) and (e) follow the command 

voltage with a little hysteresis. These effects can be clearly identified if the 

displacements are plotted as function of the command voltage. Figures 4.12 (b), (d) 

and (f) show the displacement functions when driven using triangular voltage 
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command. It is desired to use a triangular wave rather than sine wave or pulse to 

evaluate hystersis because a triangular wave can provide a steadily increasing 

command to the device without inducing much inertia effects. Sine waves and pulses 

involve changes in command rates and the hysteresis obtained usually contains 

dynamic information of the device. The hysteresis of all the three PiTAPaT’s listed 

in Table 4.1 are about 7%. This indicates that the hysteresis is quite independent of 

the geometry and this value is close to the material hysteresis due to piezoelectric 

material crystalline polarization and molecular friction. Table 4.1 also shows the 

measured displacement/voltage gain with comparison to the computational value 

simulated by ANSYS® and they agree satisfactorily well to the others. 

 

Table 4.1 Summary of free displacement results. 
 

 Model 1502 Model 1515 Model 7502 
Displacement/Voltage 
(Measurement) (um/V) 0.122 0.182 0.027 

Displacement/Voltage 
(ANSYS®) (um/V) 0.123 0.196 0.022 

Hystersis 7.6% 6.3% 6.8% 
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(a) Model 1502 

 

 

(b) Model 1502 
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(c) Model 1515 

 

(d) Model 1515 
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(e) 
Model 7502 

 

(f) 
Model 7502 

 

Fig. 4.12 Displacement as a function of time and voltage. 
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4.3.1.1.3  Displacement Sensitivity to Static Load 

 

As the PiTAPaT’s will bear a payload when used, the sensitivity of free 

displacement to static load is evaluated using the test setup as shown in Fig. 4.13. 

 
Fig. 4.13 Experimental setup for testing free displacement sensitivity to payload. 
 

Free displacement of the device was measured using the same setup with payload of 

up to 200g (maximum weight of optical device). The free displacement-voltage 

functions were plotted in Fig. 4.14. No significance change in free displacement 

magnitude was found in Model 1502 and Model 1515 an only 2.5% change was 

found in Model 7502. 
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(a) 
Model 1502 

 

 

(b) 
Model 1515 
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(c) 
Model 7502 

 
Fig. 4.14 Sensitivity of free displacement to static load of (a)Model 1502, (b)1515 

and (c)7502. 
 

4.3.1.1.4 Deflection under Different DC Voltages  

 

The stiffness of the PiTAPaT’s were determined by applying a static load 

and measuring the deflection of the device. Same setup as Fig. 4.13 was used but the 

quantity to be measured was the deflection due to static load, not the voltage induced 

deformation. In order to investigate the stiffening effects due to the d.c. voltage, the 

deflection at voltages of up to 120 V was measured. Figure 4.16 shows the deflection 

results. 
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Fig. 4.15 Setup for measuring deflection under different DC voltages. 
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Model 1515 
(b) 

 

Model 7502 
(c) 

 
 
Fig. 4.16 Deflection of the device for various loads and applied voltages 

(a)Model 1502, (b)1515 and (c)7502. 
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The stiffer the PiTAPaT, the less it deflected. Figure 4.16 shows the 

deflection at different voltage. With d.c. voltage applied, the device generally 

deflected more than the short-circuit or open-circuit conditions. It was noted that 

different d.c. voltages did not have a significant effect to stiffen the structure. 

However, the open-circuit condition did have a greater stiffening effect than short-

circuit conditions since the charge generated due to the static load could not flow out. 

This accumulated charge stiffened the structure, which could also be experienced 

later in isolation performance. Table 4.2 summarizes the stiffness results. 

 

Table 4.2 Summary of static load deflection. 
 Model 1502 Model 1515 Model 7502 

Open-circuit Stiffness (Measured)  
(MN/m) 0.119 0.026 0.925 

Closed-circuit Stiffness (Measured)  
(MN/m) 0.110 0.026 0.913 

Stiffness (ANSYS®) (MN/m) 0.120 0.055 0.615 

 

 

4.3.1.2    Dynamic Measurements 

4.3.1.2.1  Step Response 

 

Step response tests were conducted to understand the full picture of the 

PiTAPaT behavior. A testing setup similar to the one shown in Fig. 4.10 was used 

but the PiTAPaT was driven using a step signal rather than a triangular signal. The 

free displacement response at the mounting seat was captured to evaluate the rise 

time, overshoot, and creep which could not be directly extracted from FEM. The  
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(a) 
Model 1502 

 

(b) Model 1515 
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(c) Model 7502 

 
 
Fig. 4.17 Step responses of (a)Model 1502, (b)1515 and (c)7502. 
 

response time is the time taken for the displacement to reach the command value 

while the percentage overshoot is the percentage of the peak overshoot over the final 

value. Creep is another parameter which is seldom used to evaluate device 

performance. Because of the effect of the applied voltage on the remanent 

polarization of the piezoelectric patch, the increase in applied voltage increases the 

remanent polarization, resulting in a slow drift in displacement after the voltage 

change is completed. This can be easily identified in the step response of Model 1502 

device. The displacement rose 2.5% more after the step command was applied and a 

stiffer device like Model 7502 had a lower value of creep. Table 4.3 summarizes the 

step response data. 
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Table 4.3 Summary of step response results. 
 

 Model 1502 Model 1515 Model 7502 
Rise Time 3 ms 4 ms 4 ms 

% Overshoot 11.8% 76.4% 5.0% 
Creep 2.5% 1.5% 1.0% 

 

 

4.3.1.2.2  Free Displacement Spectra 

 

The dynamic responses of the PiTAPaT’s were evaluated using SigLab 50-

21 8-channels dynamic signal analyzer. Figure 4.18 shows the experimental setup 

where the PiTAPaT’s were driven by sweep sine signal generated by the analyzer. 

The corresponding response was captured through the analyzer input and the signal 

from voltage monitor of the voltage amplifier was used as the reference excitation. A 

trial with fewer data points was first run to determine the location of resonance. Sine 

signal of up to 800 Hz was then swept at 1 Hz/step and proper sweep time and delay 

time for each step were applied. Extra data points were added to the region around 

resonance. Excitation voltage from 10 V to 60 V was input to the device to determine 

its effect on the resonance behavior. 
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Fig. 4.18 Experimental setup for measuring dynamic response of PiTAPaT’s. 
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Model 1502 
(a) 

 

 
(b) 

Model 1515 
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(c) Model 7502 

 

Fig. 4.19 Free displacement spectra of (a)Model 1502, (b)1515 and (c)7502 at 
different excitation voltage. 

 

Figure 4.19 shows the free displacement spectra of the PiTAPaT’s at 

different excitation voltage where y-axis represents the displacement per voltage. All 

of devices show a decrease in displacement/voltage gains when the excitation 

amplitudes increase. The resonance frequencies also shifted to a lower value as 

excitation amplitudes increase. This behavior is similar to other common transducers 

where their resonances lowered due to joule heating and nonlinear material behaviors 

at large deformation when the excitation voltage is increased. Table 4.4 summaries 

the frequency response results. 
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Table 4.4 Summary of free displacement spectra. 
 

Model 1502 Gain 
(µm/V) 

Resonance Freq. 
(Hz) Q 

10 V 8.90 320.0 60.4 
30 V 4.03 314.0 39.3 
60 V 2.81 307.5 29.3 

 

Model 1515 Gain Resonance Freq. Q 
10 V 18.34 138.0 92.0 
30 V 16.91 138.5 69.3 
60 V 15.59 137.5 68.8 

 

Model 7502 Gain Resonance Freq. Q 
10 V 14.62 552.0 116.2 
30 V 9.04 546.0 87.4 
60 V 4.60 538.0 143.5 

 

 

4.3.1.2.3  Admittance Spectra 

 

The admittance spectra were also measured with the free displacement 

spectra using a HIOKI 3271 current sensor. The admittance spectra were actually the 

inverse of the impedance spectra but it was more useful than the impedance spectra 

since the current coefficient of the PiTAPaT’s could be determined. Figure 4.19 

shows the admittance spectra of the devices at excitation voltage of 60 V where these 

curves almost increase linearly with frequency. Because of this linear behavior, 

dynamic operating current coefficient (DOCC) is usually used to facilitate the 

selection of drive or control electronics. The DOCC is the electrical current required 

to drive the device per unit frequency and per unit displacement. With  
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(c) 
Model 7502 
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Fig. 4.19 Current spectra of (a)Model 1502, (b)1515 and (c)7502. 
 

DOCC, the current required for driving a device at a specified displacement and 

frequency can be determined. However, this parameter is not applicable to resonance 

application. From Table 4.5, at high frequency operation on resonance, PiTAPaT’s 

drew more current from the power supply and displaced more. These required the 

admittance spectra to determine the current drawn and thus the appropriate 

electronics to be used. Model 7502 has the largest DOCC, while the DOCC of Model 

1502 and Model 1515 were about the same. These results indicate that higher 

stiffness PiTAPaT’s will draw more current than low stiffness PiTAPaT. Table 4.5 

summarizes the current spectra results. 
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Table 4.5 Summary of current spectra. 
 

 Model 1502 Model 1515 Model 7502 

Resonance (Hz) 319.0 137.5 551.5 
Anti-resonance (Hz) 336.0 140.5 566.0 
Current/Volt•Freq. 

(µA/V•Hz) 0.1104 0.1066 0.1152 

DOCC (µA/Hz. µm) 0.905 0.5857 4.267 
 

 

4.3.2       Passive Vibration Isolation 

4.3.2.1     DC Voltage Effect 

 

The passive vibration isolation performance of the PiTAPaT’s was 

measured using the setup shown in Fig. 4.20. The setup consisted of a shaker driven 

by a current amplifier. A swept sine signal was used to excite the device. The 

PiTAPaT had a payload of 100 g and the vibration transmission from the shaker to 

the payload through the device was measured using two ENDEVCO Isotron 256HX-

10 accelerometers. These accelerometers were affixed with wax to the payload and 

the expander of the shaker. The acceleration signals collected by the SigLab dynamic 

signal analyzer were transformed to transmissibility as shown in Fig. 4.21 under 

different d.c. voltages. A trial with fewer data points was first run to determine the 

location of resonance. A sine signal of up to 600 Hz was then swept at 1 Hz/step and 

proper sweep time and delay time for each step were applied. Extra data points were 

added to the region around resonance. 
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Fig. 4.20 Experimental setup for measuring vibration isolation. 
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Model 1502 
(a) 

 

 

Model 1515 
(b) 
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Model 7502 
(c) 

 
Fig. 4.21 Transmissibility of (a)Model 1502, (b)1515 and (c)7502 under different 

d.c. voltage. 
 

The resonance frequency of the setup reflects the stiffness of the 

PiTAPaT’s. Similar to the stiffness measurement, stiffer PiTAPaT’s yield a higher 

resonance frequency and d.c. voltage generally does not affect the resonance point 

significantly. Short-circuit and open-circuit condition contrasts with the others to a 

greater extent, similar to the stiffness measurement results. Table 4.6a summarizes 

the vibration isolation results. 

Table 4.6a Summary of vibration isolation results. 
 

 Model 1502 Model 1515 Model 7502 
Short-circuit Resonance 

(Hz) 144.0 66.0 402.5 

Open-circuit Resonance 
(Hz) 148.5 67.0 409.5 

Freq. at 0 dB  
(Short/Open) 210/220 96/97 485/490 
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4.3.2.2     Mass Effects 

 

To evaluate the effect of the mass of the payload on the isolation 

performance, a 200g payload replaced the 100g one to measure the transmissibility. 

Since the d.c. voltage effects only accounts for a very small change to the isolation 

performance, only the short-circuit and open-circuit conditions were compared. 

Figure 4.22 shows difference in transmissibility when the mass is doubled.  

 

Model 1502 
(a) 
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Model 1515 
(b) 

 

 

Model 7502 
(c) 

 

Fig. 4.22 Mass effect on the transmissibility of (a)Model 1502, (b)1515 and 
(c)7502. 
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The resonance of the transmissibility curve after doubled the mass follows 

the classical vibration theory where the resonance point should be 0.707 times the 

one before. However, as the stiffness of the PiTAPaT increases, this prediction is not 

applicable when the mass seems as rigid as the PiTAPaT anymore. The mass of the 

PiTAPaT starts to participate in the transmission and the curves deviates from 

classical theory. 

Table 4.6b Summary of mass effect on vibration isolation. 
 

 Model 1502 Model 1515 Model 7502 

Short-circuit Resonance  
(100g/200g) 144.0/109.0 66.0/50.5 402.5/337.0 

Open-circuit Resonance 
(100g/200g) 148.5/113.0 67.0/51.0 409.5/343.0 

Resonance ratio 
Open, Short 1.31, 1.32 1.31, 1.31 1.19, 1.19 

 

 

4.3.3       Sensing 

 

In order to reveal the sensing capability of the PiTAPaT, the charge signal 

generated was amplified by a Kistler type 5015 charge meter and was also captured 

by the dynamic signal analyzer during the vibration isolation measurement. Since the 

accelerometer of the payload is placed on the top of the device, this measurement is 

similar to standard back-to-back calibration test for accelerometers. The charge 

signal with reference to the shaker excitation was compared to the transmissibility 

curve with 100g payload and Fig. 4.23 shows the sensing spectra of the PiTAPaT. 
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The magnitudes of the sensing spectra of the PiTAPaT’s agree well with 

the transmissibility signal. The signals have 180o phase difference from the 

transmissibility curve. The phase gently decreases as the frequency approaches the 

resonance. This decrease is more significant in stiffer devices (Model 1502 and 7502) 

than the softer device (Model 1515). The sensitivities of the PiTAPaT’s are also 

smaller for stiffer device. Table 4.7 summarizes the sensing results. 

 
Table 4.7 Summary of mass effect on vibration isolation. 
 

 Model 1502 Model 1515 Model 7502 

Resonance (Hz) 144.0 66.0 402.5 

Sensitivity @ 10 Hz 
(mC/m/s2) 14.92 108.46 12.74 

 

 

 
Model 1502 

(a) 
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Model 1515 
(b) 

 

 
Model 7502 

(c) 

 

Fig. 4.23 Sensing spectra of (a)Model 1502, (b)1515 and (c)7502.  
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4.4        Summary 

 
The measurement results showed a good agreement with the FEM results 

especially for Model 1502. By performing the above characterization experiments, 

the static, dynamic, isolation and sensing features of the PiTAPaT’s are revealed. It 

can be concluded that all the quantities measured are highly related to the stiffness of 

PiTAPaT. A high stiffness PiTAPaT has a higher resonance frequency, DOCC but 

smaller displacement/voltage gain, rise time, overshoot, creep and sensor sensitivity. 

The following table summarizes all the performance of the fabricated PiTAPaT’s. 

  

Table 4.8  Summary of the actuation, sensing, and passive vibration isolation  
performance of PiTAPaT. 

 
Actuation  
Static Performance 

 Model 1502 Model 1515 Model 7502 
Displacement/Voltage 
(Measurement) (um/V) 0.122 0.182 0.027 

Rise Time 3 ms 4 ms 4 ms 
% Overshoot 11.8% 76.4% 5.0% 

Creep 2.5% 1.5% 1.0% 

Hysteresis 7.6% 6.3% 6.8% 
Open-circuit Stiffness 

(Measured)  
(MN/m) 

0.119 0.026 0.925 

Closed-circuit Stiffness 
(Measured)  

(MN/m) 
0.110 0.026 0.913 

 

Dynamic Performance 

Resonance (Hz) 319.0 137.5 551.5 

Anti-resonance (Hz) 336.0 140.5 566.0 
Current/Volt•Freq. 

(µA/V•Hz) 0.1104 0.1066 0.1152 
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DOCC (µA/Hz. µm) 0.905 0.5857 4.267 
 

Sensing  

Resonance (Hz) 144.0 66.0 402.5 

Sensitivity @ 10 Hz 
(mC/m/s2) 14.92 108.46 12.74 

 
Passive Vibration Isolation  

Short-circuit Resonance 
(Hz) 144.0 66.0 402.5 

Open-circuit Resonance 
(Hz) 148.5 67.0 409.5 

Freq. at 0 dB  
(Short/Open) 210/220 96/97 485/490 
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Chapter 5 
 
Development of Hybrid PiTAPaT for 
Microelectronics Manufacturing Equipment 
Applications 
 

 

 

5.1        Introduction 

 

The three characteristic types of PiTAPaT are fabricated and characterized 

to reveal their actuation, sensing, and passive vibration isolation performance. These 

results show good agreements with the theoretical and computational predictions. For 

isolating vibration transmission from equipment panel to a vibration sensitive part, a 

hybrid PiTAPaT can be designed and fabricated based on the basic PiTAPaT to 

provide performance that a single basic PiTAPaT cannot provide.  

Nevertheless, the successful implementation of the hyrid PiTAPaT on the 

equipment still depends on the mounting, vibration signature, payload weight, 

control algorithm, and the type and number of PiTAPaT to be used. Also, the 

configuration of each individual basic PiTAPaT in the hybrid PiTAPaT is crucial to 

the final output characteristics. To meet the required vibration isolation specifications, 

all these parameters are necessary to bring previous experimental work to reality. 

In this chapter, a hybrid PiTAPaT comprising two basic PiTAPaT’s 

arranged in orthogonal directions is fabricated and characterized. Without reducing 
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the available displacement output, this orthogonally arranged structure not only 

doubled the stiffness and blocked force of its basic structure, but also enhanced the 

horizontal stability. A proportional controller is used to actively control equipment 

panel vibration transmission and in-situ active-passive vibration isolation 

performance of the hybrid device was evaluated on a state-of-the-art automatic wire 

bonder (ASM AB559A). 

 

 

5.2 Design of Hybrid PiTAPaT 

5.2.1      Equipment Panel Vibration Characteristics 

 

The target site for mounting the hybrid PiTAPaT on the wire bonder is 

shown in Fig. 5.1. The hybrid PiTAPaT forms a single degree-of-freedom (SDOF) 

system with its payload and it is supposed to isolate vertical vibration transmission 

from equipment panel to a vibration sensitive part of about 125 g. The acceleration 

magnitude of the equipment panel at the target mounting site has been shown 

previously in Section 1.3. This acceleration waveform determines the actual 

specification the hybrid PiTAPaT has to provide for sufficient vibration isolation in 

an automatic wire bonder. Although the burst of vibrations in Z-direction is well 

below 5 m/s2, the corresponding displacement can be significant. Also, the vibration 

sensitive part and many other functional parts (e.g. vision recognition unit) of the 

wire bonder is position sensitive rather than acceleration sensitive. It is thus 

necessary to specify the requirement on PiTAPaT in terms of displacement rather 
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than acceleration. Figure 5.2 shows the corresponding displacement waveform of the 

acceleration signal at the target mounting site. 

 

 

 

Fig. 5.1 Displacement and the corresponding acceleration signal at the target  
mounting site. 
 

Target Mounting Site 

Vibration Sensitive Device 

HybridPitapat 

Motion Stage
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Fig. 5.2  Displacement and the corresponding acceleration signal at the target 

mounting site. 
 

The displacement signal above shows peaks of displacement whenever 

there are bursts of acceleration. The positive and negative sides of the displacement 

are not symmetric that it is sharper and higher in the positive side. The peak 

displacement is 9 µm and the range is 13.2 µm. These peaks correspond to the starts 

and stops of the motion stage when the dynamic forces are the largest. By 

transforming the displacement in time domain to frequency domain via Fourier 

Transform, the displacement spectrum can be obtained as shown in Fig. 5.3 which 

can reveal the frequency content in the displacement signal.  

The spectrum in Fig. 5.3 indicates that the displacement band is restricted 

to low frequencies (below 70 Hz) and the frequency content is not rich. The 
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displacement is concentrated to within 15–60 Hz with maximum magnitude of 0.092 

µm occurs at 15 Hz. Frequency spectrum is a usual way to present the vibration 

transmission in most engineering problems, e.g. car suspension. However, 

requirements on both isolation as well as position accuracy in the present study make 

the absolute displacement of the isolated vibration sensitive part the ultimate quantity 

which can only be examined and found meaningful in the time domain. The 

relatively low magnitude of vibration in frequency domain shown in Fig. 5.3 cannot 

give us meaningful insight on how accurate the vibration sensitive part is positioned 

while the absolute displacement after superposing all these frequency contents can 

enable us to justify whether the vibration level satisfies the ±3 µm accuracy 

requirement. 

 
Fig. 5.3  Displacement spectrum at the target mounting site. 
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5.2.2       Configuration of PiTAPaT 

 

The actuation and isolation properties of the hybrid PiTAPaT can be 

considered as the most critical part in this study. Previous evaluation on the 

performance of basic PiTAPaT provides valuable information to design the final 

hybrid PiTAPaT for active control of the vibration transmission. The design for 

suitable device parameters is considered based on the passive isolation, static offset 

and displacement output requirements. 

The displacement spectrum (Fig. 5.3) shows that the vibrations are within 

70 Hz and the displacement content beyond 70 Hz is thousand times smaller. As the 

mass of the equipment table (> 1 ton) is much larger than the mass of the final hybrid 

device together with its payload (< 500g), it is a good assumption that the installation 

of the hybrid device should not interfere the source vibration in time and frequency 

domain.  

To design isolation for a SDOF system, the resonance point should be 

justified. In normal cases, the resonance point should be far below the source 

disturbance vibration band such that the response due to the source vibration can be 

effectively attenuated (Section 1.4). However, the stiffness of a device to bear such a 

light payload will be very small and the corresponding PiTAPaT will have a long 

amplifying lever (> 0.3 m) which is impractical for the current PiTAPaT. As a result, 

the resonance point is chosen at 95 Hz. This point is beyond the source vibration 

band where the corresponding disturbance magnitude is thousand times lower as 

depicted in Fig. 5.3. In this case, even the payload is excited at resonance, the 
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magnitude of response is still small. For the vibrations below 95 Hz, active control of 

hybrid PiTAPaT can take action to cancel the vibrations. 

The final hybrid device should compensate the static offset after bearing 

the payload in order to target point on the motion stage. Large displacement 

PiTAPaT’s of Region I and II allow a larger room for tuning the static offset. As the 

disturbance displacements of the equipment panel has a range of about 13 µm and 

peak 9 µm, the hybrid device should provide a displacement output covering this 

range under acceptable peak voltage of below 75 V. Model 1505 and 1515 of Region 

I and Region II shown in previous chapter can provide 9 µm/75 V and 14 µm/75 V 

respectively. Model 1515 can provide the required displacement range for both 

operation and offset compensation but its resonance at 66 Hz is far below the 

required 95 Hz. In order to increase the resonance frequency, two Model 1515 are 

arranged in parallel to double the stiffness such that the resonance of the final device 

is expected to be 93 Hz.  

The final hybrid PiTAPaT, Model O (O – orthogonal), shown in Fig. 5.4 is 

constructed of two Model 1515 arranged orthogonally. Same modular parts of Model 

1515 are used for Model O and the payload can be mounted at the mounting seat 

linking the four benders. This configuration not only can provide the necessary 

displacement output and resonance point, its orthogonal configuration can also 

provide potential tilting offset compensation in addition to the vertical one if the 

benders are excited independently to the others. The passive and active vibration 

isolation is achieved by the four benders where the high frequency vibration above 
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70 Hz is isolated passively and low frequency vibration below 70 Hz is cancelled 

actively using the base vibration signal. 

 

 
Fig. 5.4 Assembly of the hybrid PiTAPaT. 
 

 

5.3        Evaluation of Hybrid PiTAPaT 

 

The static, dynamic, isolation and sensing performances of the final hybrid 

PiTAPaT (Model O) are evaluated using the same experimental setups in Chapter 4. 

Mounting seat 
Benders

Cross reference block 



 
            5. Development of Hybrid PiTAPaT for Microelectronics 

Manufacturing Equipment Applications 
               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                  162

  

Figures 5.5–5.12 show the set of results and Table 5.1 summarizes the static, 

dynamic, isolation and sensing performance. The results of Model 1515 are also 

listed for comparison. 

A.           Actutation 
I.             Quasi-static Measurement 
(i)            Free Displacement at Different Voltages 

Model O 
(a) 

 

(b) Model 1515 
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Model O 

(c) 

 

(d) Model 1515 

 
Fig. 5.5 Displacement as a function of time and voltage. 
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(ii)           Displacement Sensitivity to Static Load 

(a) 
Model O 

 

 

(b) 
Model 1515 

 
 

Fig. 5.6 Sensitivity of free displacement to static load of (a) Model O and (b) 
Model 1515. 
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(iii)          Deflection under Different DC Votlages  

Model O 
(a) 

 

Model 1515 
(b) 

 
Fig. 5.7 Deflection for various loads and applied voltages (a) Model O and (b)  

Model 1515. 
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II.            Dynamic Measurement 
(i)            Step Response 

Model O 
(a) 

 

(b) Model 1515 

 
Fig. 5.8 Step response of (a) Model O and (b) Model 1515. 
 



 
            5. Development of Hybrid PiTAPaT for Microelectronics 

Manufacturing Equipment Applications 
               
              THE HONG KONG POLYTECHNIC UNIVERSITY 
 
 

YUNG Chung Sheung                                                                                                  167

  

(ii)           Free Displacement Spectra 

Model O 
(a) 

 
 

(b) 
Model 1515 

 
 

Fig. 5.9 Free displacement spectra of (a) Model O and (b) Model 1515 at 
different excitation voltage. 
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(iii)          Admittance Spectra 
A
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)

Model O 
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(b) 
Model 1515 
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Fig. 5.10 Admittnace spectra of (a) Model O and (b) Model 1515. 
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B.            Passive Vibration Isolation 

(a) 
Model O 

 

 

Model 1515 
(b) 

 
Fig. 5.11 Mass effect on the transmissibility. 
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C.            Sensing 

Model O 
(a) 

 

Model 1515 
(b) 

 
Fig. 5.12 Sensing spectra.  
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Table 5.1 Summary of Model O hybrid device performance 

Actuation Performance 
Static  

 Model 1515 Model O 
Displacement/Voltage 
(Measurement) (um/V) 0.182 0.187 

Rise Time 4 ms 4 ms 
% Overshoot 76.4% 59.0% 

Creep 1.5% 0.1% 

Hysteresis 6.3% 6.0% 

Open-circuit Stiffness 
(Measured)  

(MN/m) 
0.026 0.054 

Closed-circuit Stiffness 
(Measured)  

(MN/m) 
0.026 0.053 

 

Dynamic  

Resonance (Hz) 137.5 147.0 

Anti-resonance (Hz) 140.5 151.5 
Current/Volt•Freq. 

(µA/V•Hz) 0.1066 0.1901 

DOCC (µA/Hz. µm) 0.5857 1.0168 
 

Passive Vibration Isolation Performance 
Short-circuit Resonance 

(Hz) 66.0 90.5 

Open-circuit Resonance 
(Hz) 67.0 93.0 

Freq. at 0 dB  
(Short/Open) 96/97 135/138 

 

Sensing Performance 

Resonance (Hz) 66.0 90.5 

Sensitivity @ 10 Hz 
(mC/m/s2) 108.46 25.90 
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Comparing the actuation performance of Model O to Model 1515, their 

displacement outputs are nearly the same. The displacement/voltage gain of Model O 

is a little bit larger than that of Model 1515. This may be due to the fact that the 

average of the four benders’ outputs is larger than that of Model 1515. The stiffness 

of Model O is double that of Model 1515, showing that stiffness increases by using 

the orthogonal configuration. This increase in stiffness also pushes up the actuation 

resonance frequency of Model O to 147 Hz, but not 1.414 times that of Model 1515. 

This is because the resonance frequency of PiTAPaT is also dependent on the 

increase in distributed mass of Model O. Although the stiffness is doubled, the 

distributed mass also increases (not exactly doubled as some parts like mounting seat 

are shared), resulting in a similar resonance frequency to that of Model 1515. The 

actuation resonance of these two Model’s sharing the same geometries is thus similar. 

However, the resonance frequency of Model O deduced from passive vibration 

isolation results is about 1.4 times that of Model 1515. This is because the mass that 

dominates the dynamics is the external test mass, not the mass of the PiTAPaT itself. 

The sensing spectra of Model O in Fig. 5.12 show similar characteristics to that of 

Model 1515. 

 

 

5.4 Vibration Isolation in the Wire Bonder 

5.4.1 Control Implementation and Evaluation 

 

In order to evaluate the active vibration isolation capability of the hybrid 

PiTAPaT, the hybrid PiTAPaT with a 125 g payload is tested on a shaker system as 
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shown in Fig. 5.13. This SDOF system is excited with a swept sine excitation of up 

to 200 Hz using a LDS V406 shaker. Each step of the sweeping is 1 Hz with delay 

time of 500 ms. Two ENDEVCO Isotron 256HX-10 accelerometers are attached by 

wax to the payload and the expander of the shaker, respectively, to measure the 

vibration transmission from the shaker to the payload when hybrid PiTAPaT active 

control is on.  

The Displacement signal of the base is used to command the hybrid 

PiTAPaT in order to suppress the displacement response at the payload. Integrating 

twice the base acceleration can give displacement signal theoretically, but the 

integrator windup due to saturation may deteriorate control quality and stability. As a 

result, displacement signal captured by fotonic sensor is input to dSpace (DS1104) 

together with MATLAB’s Simulink which allows the displacement input and 

command output to flow from the fotonic sensor to the hybrid PiTAPaT respectively. 

The control model is shown in Fig. 5.15 where the major components are the band 

pass filter, system gain and a fine tune gain. The band pass filter filters out noise and 

vibrations beyond 70 Hz so that the command contains only the low frequency signal 

content. Frequencies below 1 Hz are also filtered to eliminate the d.c. signal. The 

system gain is due to the control loop sensitivities of the displacement sensor, 

voltage amplifier and the actuation gain of the hybrid PiTAPaT while the fine-tune 

gain is used to compensate the errors in the gains. The result after control is shown in 

Fig. 5.16. 
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Fig. 5.13 Schematic diagram of experimental setup used for testing active 

control.  
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Fig. 5.14 Experimental Setup for testing the hybrid device active vibration 
control performance.  
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Fig. 5.15 Control model. 
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Fig. 5.16 Comparison of transmissibility before and after switching on the  

command. 
 

The transmissibility curves before and after switching on the control 

command showed great differences from one another, where the transmission with 

control on was, in general, 10 dB lower than the one with only passive isolation. The 

curve could be divided into three regions for analysis, low frequency region A, 

resonance region B and isolation region C. The low-frequency region A was where 

active control takes effect. The control capability of the device was effective in this 

region as depicted in the free displacement and phase spectra in Fig. 5.8. The drop in 

transmission was the largest at 17 Hz and this trend decreased as the frequency 

approached the resonance.  
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The resonance region cut the 0-dB points at 74 and 98 Hz as shown in the 

figure. The 0-dB bandwidth was 24 Hz and the peak occurred at 87 Hz with 

magnitude 6.5 dB lower than the passive isolation curve. As displacement feedback 

was used, the command had weakened the stiffness of the system and the resonance 

was thus dropped, lower than that of the passive isolation curve. Although the 

resonance peak was 26.6 dB high, the resonance in this region would not worsen the 

vibration transmission in the real equipment panel, since the frequency content 

within this region was very weak as shown in Fig. 5.3. 

Region C belonged to the passive isolation region. Because of decreased 

actuation gain and inverted phase in this region, active control was switched off in 

this region by the band pass filter. The isolation in this region was purely contributed 

by the intrinsic passive isolation properties of the hybrid device and the magnitude 

was 10 dB lower than the pure passive isolation curve owing to the drop around 

resonance. 

 

5.4.2       In-situ Evaluation 

 

After testing on a shaker setup with promising active passive vibration 

isolation results, the hybrid PiTAPaT together with the 125 g payload was mounted 

on the equipment panel in the location shown in Fig. 5.1. The same controller using 

Simulink and dSpace was used and the vibration transmission was evaluated on a 

real wire bonder. Figure 5.17 shows the vibration transmission with the control 

command switched on and off. Similar to the shaker test shown previously, the 

vibration transmission was lower than that of pure passive isolation. The device 
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successfully attenuated low frequency vibration transmission using its active 

piezoelectric actuation feature and isolated high frequency vibration transmission 

-14 

-53 

9718 138113

Rubber Mount 

Control Off 

Control On

 
 
Fig. 5.17 Comparison of transmissibility before and after switching on the  

control command. 
 

using its passive function. The placement of resonance point was also appropriate 

such that the transmission at resonance was only 15 dB, lower than the value 

obtained in shaker test.  

As mentioned before, only looking into the transmission spectra cannot let 

us know whether the hybrid PiTAPaT could provide isolation as well as position 

accuracy of within ±3 µm. Figure 5.18 shows the time history of the displacement on 
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the equipment panel and on the isolated payload. Before switching on the control, the 

vibration on the isolated payload consisted of low frequency vibration and high 

frequency resonance component while after switching on the control, the large 

amplitude low frequency vibration was attenuated, leaving high frequency vibration 

corresponding to the resonance of the hybrid device. As the resonance of the hybrid 

device was placed at 95 Hz which was within the weak disturbance excitation band, 

the displacement range of the payload was still 4.3 µm, within ±3 µm as shown in 

Fig. 5.18. 

 
Control Off Control On 

4.25 µm 
Isolated payload 

Equipment panel 

Isolated payload

Equipment panel

Fig. 5.18 Comparison of vibrations time history before and after switching on  
the command. 
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Chapter 6 
 
Conclusions and Suggestions for Future Work 
 

 

 

6.1       Conclusions 

 

Vibration isolation is an urgently needed technology for the advance of 

automation and precision manufacturing equipment. The needs for speed as well as 

accuracy have called for solution of isolating vibrations of sensitive and 

sophisticated parts from highly accelerated moving parts. Although highly 

accelerated moving motion stages are available for equipment, the dynamic forces 

resulting from this acceleration act as a source of vibration disturbance to other 

functional parts of the equipment that, in turn, worsens the overall accuracy of the 

equipment. The background study on general equipment configuration, operation 

cycle, motion profile and vibrations showed that these contradicting needs for speed 

and accuracy cannot be improved in parallel. The higher the acceleration of the 

motion, the more serious are the vibrations generated, and the less accurate the 

motion that can be achieved. While the conventional passive vibration isolation 

methods using large and bulky mounting cannot provide the required accuracy and 

instant response, active-passive vibration isolation implemented through the use of 

smart piezoelectric material and compliant structure technologies opens a new way 

to tackle the present problem. Current piezoelectric devices can provide high 
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actuation power, but they do not involve significant passive isolation properties and 

bi-directional actuation capability and most importantly, they are not designed 

initially for vibration isolation applications. As a result, a novel class of compact 

active-passive vibration isolation device called PiTAPaT (piezoelectric trapezoidal 

active passive table) is developed in this thesis to provide fast response (<22.5 ms), 

high repositionability (<±3µm), and isolation for automation and precision 

manufacturing equipment. 

The basic form of the PiTAPaT consists of an open trapezoidal frame 

attached with two piezoceramic patches to facilitate active sensoriactuation function. 

To assure good passive isolation performance, the central part of the open trapezoidal 

frame is further bent to form a compliant saddle-like unit. When an electric field is 

applied across the thickness of the piezoceramic patches, the induced longitudinal 

deformation of the patches lead to a bending motion of the legs and drives the central 

saddle-like unit to provide a linear vertical motion. A physical design model based 

on bender-saddle-like unit cascade was derived to predict the free displacement, 

stiffness, blocked force, and work index with different combinations of dimensions 

and material properties. Results showed the use of a high-stiffness alloy and a high 

piezoelectric d31 coefficient piezoceramic was able to enhance the performance of all 

types of devices. Thus, a combination of stainless steel and PZT5 materials having 

high output power were used for further geometric analysis of the device. Free 

displacement, stiffness and blocked force meshes were obtained for the given 

material properties under two geometric variances, namely amplifying lever length 

and inclination angle. Three characteristic types of basic PiTAPaT, including: 1) the 

ones with large displacement and work coefficient; 2) the ones with large stiffness 
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and force; and 3) the ones with moderate performance in general are summarized for 

more detailed study. 

In order to extract more detailed static and dynamic response of the 

complicated three-dimensional coupled-field structure of PiTAPaT which is often 

cumbersome for physical modeling, a commercial finite element software package, 

ANSYS®, was used to perform a batch of both static and dynamic analyses on a set 

of PiTAPaT models having different geometric details. Deformed shape, free 

displacement, stiffness, work index, resonance and anti-resonance, mode shape and 

effective electromechanical coupling coefficient were obtained for optimized device 

material combinations of stainless steel and PZT5. The computed results were 

compared, in good agreement, with the modeled performance depicted in Chapter 2 

and the operational shapes in concept were verified by the simulated deformation 

shapes through ANSYS®. The dynamic analysis on the PiTAPaT within 3 kHz also 

revealed the first two mode shapes which corresponded to bending and twisting of 

the slanting legs. The first bending modes were favorable to both actuation below 

resonance and passive isolation and their large electromechanical coupling 

coefficient revealed the high conversion from bender motion to PiTAPaT output. A 

performance map was finally used to conclude the different features of PiTAPaT 

having different geometric variances and the three characteristic types of devices 

were fabricated according to the performance map. 

Three basic PiTAPaT’s, each representing one of the three characteristic 

types of design (Model 1502 (intermediate performance), Model 1515 (high power) 

and Model 7502 (large force)), were fabricated. Proper assemblies of the PiTAPaT’s 

were controlled by the reference block to ensure good alignment of the parts. Static 
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and dynamic actuation performances of these PiTAPaT’s were characterized using a 

fotonic displacement sensor while passive isolation and sensing characteristic of 

these PiTAPaT’s were examined using a shaker setup. Deformed shape, quasi-static 

free displacement, step response, displacement sensitivity to static load, free 

displacement spectra, current spectra, stiffness at various d.c. voltages, isolation at 

different d.c. voltages, isolation under different mass and sensing were evaluated. 

The deformed shapes of the devices agreed well with those predicted using ANSYS® 

and the free displacement/voltage gains were consistent with the computational 

results. The hysteresis and creep of the devices were small and the rise time of the 

devices were within 4 ms. Overshoots of the PiTAPaT’s got larger for configurations 

with smaller stiffness. The actuations of the PiTAPaT’s were insensitive to the mass 

of the payload. Stiffness of the PiTAPaT’s was also insensitive to the application of 

d.c. voltage but it became softer if the piezoelectric patches were electrically shorted. 

The free displacement/voltage gains at resonance decreased as the amplitude of a.c. 

voltage increased. The admittance spectra of the PiTAPaT’s varied linearly with 

frequency and the D.O.C.C (dynamic operating current coefficient) of the PiTAPaT’s 

were derived. Finally isolation and sensing spectra were measured with the 

application of 100 g payload and the charges generated by the piezoelectric patches 

were consistent with the transmissibility curves, but the phases were inverted. These 

results provided valuable preliminary information for the design and fabrication of 

the final hybrid device for active-passive isolation of the equipment. 

The active-passive isolation of PiTAPaT was demonstrated on a wire 

bonder. Vibration levels and the corresponding frequency band were determined at 

the target mounting site. Displacement waveforms collected at the target mounting 
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site were concentrated to below 70 Hz and the magnitude above 70 Hz was a 

thousand times smaller. A hybrid PiTAPaT was thus designed to have resonance at 

about 95 Hz after bearing a 125g payload so that vibration under 70 Hz was actively 

cancelled by the active actuation features of the hybrid PiTAPaT while that above 70 

Hz was passively attenuated through passive isolation. Two Model 1515 high power 

PiTAPaT’s were arranged orthogonally to provide the hybrid PiTAPaT with 

resonance at about 95 Hz (with payload). This orthogonally arranged configuration 

not only provided the extra stiffness to tune the resonance frequency, but also 

enabled tilt offset compensation in addition to vertical offset. Same set of evaluation 

on the hybrid PiTAPaT was carried out to provide necessary performance data for 

implementation. The hybrid PiTAPaT active-passive isolation test was first evaluated 

on a shaker setup before in-situ test using dSpace and simulink. The displacement 

signal at the expander of the shaker was used for active vibration control below 70 

Hz and results showed good vibration suppression below the resonance of the device. 

In-situ evaluation was carried out after mounting the hybrid device at the target 

mounting site and even better vibration isolation was obtained. The maximum 

isolation was -53 dB below 70 Hz and time histories of the displacement waveforms 

of within 4.25 µm after control met the required specifications on isolation and 

repositioning accuracy. 
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6.2 Suggestions for Future Work 

6.2.1 Isolation Device for Work Chuck 

 

The hybrid device developed using modular elements of PiTAPaT can 

successfully isolate vibration transmission from the equipment panel. This kind of 

device can also be implemented on the 3rd deck of motion stage to isolate the work 

chuck from motion stage vibration and help to reposition the work chuck as shown in 

the drawing in Fig. 6.1. Each of the PiTAPaT’s can be arranged in the plane of 

motion and placed orthogonally to another to govern the position accuracies in the X 

and Y directions. With this compact isolation device and the former hybrid device, 

the positioning accuracies can be maintained within a short period of time and the 

production rate can be enhanced. 

 
 
Fig. 6.1 Isolation device for work chuck to suppress vibration in the plane of  

motion. 
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Motion Stage 

Equipment Table 
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6.2.2 Micro-positioning Stage 

 

Fig. 6.2 shows the application of PiTAPaT as a single-axis micro-

positioning stage. The stage incorporates two PiTAPaT devices coupled to the same 

moving stage and mounted on the same base. If the two PiTAPaT’s are actuated in 

the same direction, the moving stage suspended by the PiTAPaT can be moved in 

micrometer scale. As the actuation displacement of PiTAPaT is insensitive to the 

mass of the payload, the loading on the moving stage will not affect the actuation. 

The desired stroke of the positioning stage can also be tuned by changing the 

amplifying lever length.  

 

Fig. 6.2 Micro-positioning stage using PiTAPaT as basic element. 
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6.2.3 Self  Sensing and Actuation 

 

As it has been shown previously, PiTAPaT also incorporates sensing 

capabilities. By allocating a small area of piezoelectric patch for sensing, the 

PiTAPaT can be fed back by itself to increase its positioning accuracy and eliminate 

hysteresis. Because of the large charge signal generated upon vibration, the PiTAPaT 

does not require a signal conditioner to amplify the charge signal. This also poses 

another potential of use of the PiTAPaT as electric generator to convert vibration into 

electrical energy. 
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Appendix 

Engineering Drawings of PiTAPaT 
Model 1515 
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Model 1502 
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Model 7502 
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Mounting Seat (Common part for all models) 
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